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ABSTRACT 
 
Various electronic devices have been realized in flexible and stretchable formats that 
can open up huge applications in biomedical industry. Other than electronic signals, photons 
can also interact with matters intensely and provide valuable information about the 
underlying substrates and immediate medium. However, photonic components have been 
rarely demonstrated in a flexible and stretchable format, due to the complicated 
fabrication process and rigid substrates involved in most photonic devices. The photonic 
device function is limited when flexibility and curvature features are requested in operation, 
and they also have rare applications as epidermal sensors. This dissertation aim to demonstrate 
functional photonic devices in a flexible and stretchable format by using unconventional 
fabrication techniques such as soft nanoimprint lithography and nanotransfer printing etc. 
One example is fabricating flexible, large area, multilayerd negative index metamaterials 
which are unattainable with conventional fabrication techniques and have high figure of 
merit in the visible range of operation. Optical modeling by finite domain time domain 
simulations will be incorporated to achieve optimized device design. Similarly, large area 
and highly stretchable plasmonic nanoparticle arrays will be obtained to show large 
resonance tuning for the first time with unusual three dimensional buckled structure beyond 
critical strain. The mechanics and plasmonic resonance associated with such large strains 
will be investigated by both experiment and analytical modeling. Another example is to 
design novel schemes for stretchable thermochromic liquid crystal sensors that have 
excellent mechanical property and are well-suited for high precision epidermal thermographic 
applications. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Negative Index Metamaterials 
 
Negative index metamaterials (NIMs) are engineered structures that exhibit negative 
permeability           and permittivity          satisfy             , potential 
device applications are superlens, eletromagnetic cloaking and perfect absorber etc. Some 
of these potential applications would require certain flexibility and device curvature to 
focus light or guide light around curvilinear objects. In the past decade, various 
important classes of NIMs have been experimentally demonstrated, with operation in the 
microwave regime [1, 2], at terahertz frequencies [3, 4] and optical wavelengths [5-9]. 
Fishnet geometry is one of the most attractive designs for visible wavelength operation 
with high figures of merit (low loss). Nanotransfer printing (nTP) [9] has been developed 
recently to realize flexible, multilayered NIMs that operate in telecommunication band 
with large-area and high-throughput capability. However, it is quite challenging to use 
the same technique to scale down the fishnet unit sizes and achieve negative index of 
refraction in the visible wavelength regime. 
 
A critical step in this type of fabrication involves collimated physical vapor 
deposition (PVD) of alternating layers of metals and dielectrics onto substrates with 
features of relief that define the fishnet layouts. Detailed mechanisms for film growth 
depend strongly on materials properties, such as surface mobility, sticking coefficient, 
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crystallinity and grain structure [10, 11] and on conditions for deposition, such as rate and 
base pressure. A behavior of particular relevance here is that the films grow often in a 
direction that is not entirely perpendicular to the patterned substrate surface (stamp), even 
for normally incident flux of material. As a result, angled sidewall profiles develop at the 
edges of deposits near features of relief on the substrate. For the case of NIMs that 
consist of multilayer stacks of silver (Ag) and magnesium fluoride (MgF2) formed by 
nTP for operation in the NIR, the sidewall slopes are 6–12° [9] depending on 
deposition conditions. For operation in the visible, however, the required dimensions of the 
openings in the fishnet structures can be as small as 200 nm [12-14]. As shown 
subsequently, in such cases, angular growth can lead to substantial or even complete 
elimination of the fishnet geometry at the top surfaces of the multilayer stacks. In this 
dissertation, two approaches based on nanoimprint lithography (NIL) technique (chapter 2) 
and nanotransfer printing (nTP) technique (chapter 3) with improved materials growth 
condition would be introduced to obtain flexible, large area NIMs that can operate in 
visible regime with unit cell size down to 300nm. 
 
1.2 Stretchable Plasmonic Nanodot Array 
 
Plasmonics takes advantage of the coupling of light to charges like electrons in 
metals, and allows breaking the diffraction limit for the localization of light into 
subwavelength dimensions enabling strong field enhancements. They have found 
extensive applications in biosening and Surface Enhanced Raman Spectroscopy (SERS) 
etc. Recent advances have realized flexible, stretchable plasmonic nanoparticle array by 
3 
 
self-assembled gold nanoparticle array [15, 16] or irregular nanoaggregates [17] transferred 
onto elastomeric substrates, or by using nano-stencil lithography where plasmonic 
materials are deposited through small openings in the stencil mask onto elastomeric 
substrates [18]. These techniques have enabled stretchability up to 30-40%, however, 
they are still limited to small area, irregular or sparse nanoparticle array geometry which is 
less effective in achieving plasmonic coupling and tuning. Practical applications of such 
devices have been demonstrated for SERS recently [17, 20] and more discussion of the 
related field can be found a recent perspective [21]. New concept of conformal surface 
plasmons (CSPs), surface plasmon waves that can propagate on ultrathin and flexible 
films to long distances in a wide broadband range from microwave to mid-infrared 
frequencies have been a l s o  introduced [22]. This subject has become important in the 
last couple of years, however, large stretchability and tunability are still missing; 
detailed study of the nanoparticle array deformation and its effect on the resonance has 
also not been investigated. In chapter 4, we will report a simple and powerful technique 
based on the soft lithography and physical lift-off technique to form ultra large area; 
highly dense nanoparticle array on elastomeric substrates that are able to achieve 
reversible stretchability over 100%, and show good stretch induced plasmonic anisotropy 
and enhanced interparticle interactions. 
 
1.3 Stretchable Liquid Crystal Array for Thermography 
 
Spatio-temporal    imaging   of    skin    temperature   offers    experimental   and 
investigational value for detection of breast cancers and other syndromes, as an adjunctive 
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screening tool to mammography [23-25]. The required milli-Kelvin levels of precision and 
milli-meter scale resolution are most commonly achieved by use of sophisticated infrared 
digital imaging cameras. Widespread adoption of such technology is limited, however, by 
high capital costs, motion artifacts, and inability for use outside of clinical or laboratory 
settings. Low cost liquid crystal thermography techniques has been exploited much earlier, 
for potential screening of deep venous thrombosis [26-29], breast cancer [30-32], spinal root 
syndromes [33, 34], chronic back pain [35] and even pulmonological diagnostics [36]. 
Recent work [37, 38] demonstrates that electronic temperature evaluation and mapping 
devices can be constructed in ultathin, soft and compliant formats, sometimes referred to 
as ‘epidermal’ due to the similarity of the physical characteristics to the skin itself. Such 
systems offer impressive capabilities that bypass many limitations of infrared cameras, but 
provide only modest spatial resolution and imaging fidelity, limited by multiplexing 
systems needed to address large sensor arrays.  
 
In chapter 5, we will introduce an alternative scheme that combines colorimetric 
temperature indicators with wireless stretchable electronics to produce an epidermal device 
for precision mapping of thermal characteristics of the skin. The colorimetric temperature 
indicators are thermochromic liquid crystals (TLC), with increasing temperature, the 
phase varies from crystalline solid to sematic, cholestoric and, finally, isotropic liquid, all 
over a range of a few degrees, dictated by the chemistry [39, 40]. In the cholestoric phase, 
light that reflects from the TLC pixels spans a narrow wavelength range defined by phase 
coherent interactions with the liquid crystal assemblies.  Increases in temperature decrease the 
pitch, thereby leading to blue-shifts in the peak wavelengths of this reflected light. This 
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behavior provides the basis for colorimetric optical readout. Other phases have no chiral 
nematic orientation of molecular planes and thus do not yield any strong wavelength 
dependence to the reflection. Co-integration with electronics provides a means for controlled, 
local heating by RF signals, to enable not only mapping of temperature but also intrinsic 
thermal constitutive properties. Uniform layers of TLCs in water impermeable, non-
stretchable thick plastic sheaths, and without electronics, have been explored for skin 
thermography[41-43] but without the ability to conform sufficiently well to the curved, 
textured surface of the skin for accurate, reproducible measurements. Such devices also 
frustrate transepidermal water loss. They also thermally load the skin and cause irritation at 
the skin interface, thereby preventing reliable, accurate evaluation or use in continuous 
modes over long periods of time. Thermochromic textiles are available for cosmetic and 
fashion purposes [44-46] but their inability to maintain intimate contact with the skin and the 
limited capacity to use known thermochromic dyes for precision temperature evaluation 
prevent their use in the sorts of applications envisioned here. The devices reported in 
chapter 5 not only avoid these drawbacks but they also allow precise measurement of 
thermal conductivity and thermal diffusivity through analysis of spatio-temporal images 
obtained during operation of integrated RF components. Conventional digital cameras and 
RF transmission systems enable simultaneous readout of thousands of pixels at resolutions 
that exceed those needed to image temperature and thermal property variations on the skin. 
The epidermal format induces minimal perturbations on the natural mechanical and thermal 
properties of the skin. Results presented in the following establish the foundational aspects in 
materials, mechanics and thermal physics for both electronically active and passive epidermal 
TLC (e-TLC) devices, including algorithms for extracting precision, calibrated data from 
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colour digital images. Demonstrations in reactive hyperaemia assessments of blood flow, as 
it relates to cardiovascular health, and hydration analysis, as it relates to skin-care, 
provide two examples of use in clinically meaningful tests. 
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CHAPTER 2 
NANOIMPRINTING TECHNIQUES FOR LARGE-AREA FLEXIBLE 
NEGATIVE INDEX METAMATERIALS WITH OPERATION IN THE VISIBLE 
BAND 
 
2.1 Introduction 
 
Nanoimprint lithography (NIL) [1-3] is capable of forming small dimension 3D 
visible NIMs when performed with an additional subtractive, physical liftoff processing 
step. The scheme is related to those that reported based on nanotransfer printing (nTP) [4], 
but with significantly improved properties, and ability to realize structures with high 
figure of merit operation at wavelengths deeper into the visible than those possible with 
many other approaches [4-10]. NIL has been used in the past with standard lift-off 
processes to fabricate single layer, or 2D, metamaterials [11]. 3D multi-layer 
metamaterials are different and demand different approaches that utilize NIL with 
physical liftoff as a route to such 3D metamaterials. The overall sizes of the 3D NIMs 
and the fabrication throughputs and more than ten million (10
7
) times larger than those 
based on focused ion beam milling [9, 10], and are comparable to those enabled by nTP. 
[4] In particular, this past work used a multi-layer metal/dielectric stack grown on a 
stamp, with subsequent printing of this structure to a target substrate. The process in NIL is 
different, but complementary, in which an imprinted polymeric pattern serves as scaffold to 
grow 3D material stacks. This scheme does not involve any transfer printing step. Instead, 
the shape of the pattern is governed by interstitial space of the imprinted scaffold. 
Material grown on top of the scaffold is removed and discarded using a physical lift-off 
process. By comparison to nTP [4], however, the methods introduced here offer 
12 
 
improved robustness in operation, primarily because the stack remains untouched 
throughout the process; only unwanted material is removed from the top of the scaffold. 
The process flow is quite different, in a way that enables significantly smaller dimensions, 
and higher yields than previously possible. Improved resolution over large areas (> 4 
cm
2
), with high figure of merit (low loss) for visible bands represent key advances. 
 
2.2 Experiments 
2.2.1 An Overview of Device Fabrication Scheme 
 
            Nanoimprint lithography, as used here, offers advantages over other fabrication 
options in terms of low-cost, high-throughput, and reliable scalability of pattern size 
without processing steps like exposure, development, or etching. A simple modification 
of NIL, involving a physical liftoff process, enables large-area composite metal/dielectric 
structures in multilayer fishnet geometries for a class of NIMs, often referred to as 3D- 
NIMs. The steps for fabrication appear in Figure 2.1. The first involves a soft NIL process 
[1-3] with an elastomeric mold of poly(dimethylsiloxane) (PDMS) to form features of 
surface relief on a spin-cast photocurable pre-polymer (NOA63, Norland) (n =1.53; 
thickness ~1 µm) on a glass substrate. This implementation of NIL has been 
demonstrated to offer resolution that extends into the molecular size regime, i.e. 1-2 nm 
[12, 13]. The mold in this case presents a rectangular grid pattern of narrow, raised 
regions with high aspect ratio, formed in a casting and curing process against a silicon 
master template formed by reactive ion etching with a mask of photoresist patterned by 
electron beam lithography. Passing ultraviolet light through the PDMS mold while it is in 
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contact with the liquid pre-polymer cures the material into a solid form with relief in a 
pattern of rectangular posts in a rectangular array (i.e. the inverse geometry of the relief 
on the PDMS). Peeling the PDMS away completes the NIL process. The lateral 
dimensions of the raised regions on the PDMS, which ultimately define the dimensions of 
the bars in the fishnet NIMs are shown in Figure 2.2, Wy and Wx are both 120 nm, and P 
is 300 nm and 400 nm for NIMs that operate in the visible (VIS) band, obtained from finite 
difference time domain (FDTD) simulations. Next, a thin protective layer of 
fluorocarbon CFn is introduced with C4F8 fluorination step [14] to reduce the adhesion 
between the polymer template and deposited materials. Collimated deposition of 11 
alternating layers of silver (Ag, 35 nm) and magnesium fluoride (MgF2, 15 nm) by electron 
beam evaporation onto the nanoimprinted polymer forms physically separated multilayer 
stacks on the raised and recessed regions. A bilayer of Ti (5 nm) and SiO2 (30 nm) 
evaporated on top of these stacks prepares the substrate for the next step of the 
fabrication, which is critically important in the scheme described here. Here, contact of a 
uniform slab of PDMS activated to generate hydroxyl functionality on its surface leads to 
condensation reactions that bond the PDMS to the SiO2, to yield strong adhesion. 
Physically peeling the PDMS away removes selectively the multilayer stacks on the 
raised regions. The result of this subtractive, physical liftoff process is a fishnet NIM 
structure, corresponding to multilayers deposited only into the recessed areas. As a final 
procedure, oxygen plasma etching removes the polymer posts that exist in the holes of 
this mesh. The key distinction of this approach, compared to the nTP process described 
previously, is that the materials that form the 3D-NIMs are not manipulated by transfer. 
This difference leads to improved yields and resolution. 
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2.2.2 Detailed Experiment Steps 
 
The silicon daughter master pattern was etched using a Bosch process (94mTorr, 
etch/passivation: cycle time, 5 s/5 s; RIE power, 20 W/0W; SF6/C4F8 flow rate, 35 
sccm/110 sccm for constant ICP power of 600 W; etch rate 1 μm/80 s) with SF6 gas, to a 
depth between 600 and 700 nm, through a combination of Si3N4 layer and photoresist 
mask formed by soft nanoimprint lithography. Controlling the etching conditions allowed 
variation of fishnet line widths (Wx and Wy). The original large-area master pattern was 
defined on a silicon wafer by deep ultraviolet projection mode photolithography and 
electron beam lithography for telecom and visible band, respectively. Use of electron 
beam lithography and glass etching methods employed by Photronics Inc. allows for 
larger structures with fine feature size to be more easily fabricated. Leveraging current 
nfrastructure for the semiconductor industry reduces development costs for proof of 
concept. The molds for this process consisted of elements of PDMS (Dow Corning, 
Sylgard) formed by casting and curing against the large area silicon master. Many molds 
can be produced from one silicon master. 
 
We used a commercially available photocurable polyurethane material (NOA 63, 
Norland Inc.) for the NIL resist. A liquid prepolymer of this material was drop-cast onto a 
clean glass substrate. Next, a high aspect ratio PDMS mold was pressed against the 
liquid, and any trapped bubbles were allowed to permeate through the PDMS. Passing 
UV light (Osram Sylvania 100 W MV PAR38, power density 8.4 mW/cm
2
) through the 
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PDMS while in contact with the NOA for 1 h cures the NOA into a solid form. The 
PDMS mold was then peeled away to complete the NIL process. Next, the imprinted 
NOA was fluorinated by exposure to C4F8 in an ICP-RIE system (SPTS Inc., RIE power = 
0 W, ICP power = 600 W, 15 s, chamber pressure = 94 mTorr, C4F8 flow rate = 110 
sccm) which formed a crosslinked polymer on the surface to reduce the surface adhesion. 
 
Multilayer stacks were deposited using a Temescal (FC-1800) six-pocket electron 
beam evaporation system. For optimal collimation, a small filament (6 mm) was used; the 
sample was mounted perpendicular to the flux from the source, and the distance between 
the sample and source was maximized (~2 ft). For deposition of Ag, MgF2, Ti, and SiO2, 
average chamber base pressures of 1.5 x10
6 
Torr and deposition rates f 0.1-0.15 nm/s 
were found to yield the best results. 
 
A low modulus, tacky form of PDMS, created by mixing in a 25:1 ratio by weight 
base and curing agent of a commercial material (Sylgard 184, Dow Corning), was used 
for the liftoff slab. The surface of this material was activated by exposing it to ozone 
created by deep ultraviolet light (BHK Inc., grid lamp, model 88-9102-02) for 3.5 min. 
Contact with the surface of multilayer stack condensation reactions between the hydroxyl 
groups on the PDMS and those on the top exposed layer of SiO2 on the substrate led to 
strong adhesion. Peeling the PDMS away physically removes the stacks, in their entirety, 
from raised regions of the substrate. The NOA scaffold was removed by oxygen reactive 
ion etching (PlasmaLab Master Slave dualchamber reactive ion etcher, power = 50W, 
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pressure = 50 mTorr, flow rate = 50 sccm, time = 300 s). The results leave a fishnet 
multilayer stack at the recessed regions. 
 
Transmission/reflection spectra were collected using a 4x-4x, 0.1 numerical 
aperture objective on an optical microscope (Hyperion 1000) coupled to a Fourier 
transform infrared spectrometer (Vertex 70) and outfitted with a spatial aperture with a 
diameter of 3.75 mm. Reflection spectra were normalized to a silver mirror with 96% 
reflectivity. Transmission spectra were normalized using a bare substrate. 
 
Transmission and reflection spectra were calculated using experimental 
parameters for the printed 3D NIM structures, with commercial FDTD software package 
(Lumerical, Lumerical Solutions Inc.). A Drude model was used for the dielectric 
parameters of silver in the FDTD simulation, with a plasma frequency of 1.37 x 10
16 
s
-1
 
and scattering frequency of 85 x 10
12 
s
-1
. The scattering frequency was increased by a 
factor of 3 compared with that of bulk silver to account for the additional surface scattering 
loss. The FDTD simulations used averages of transmission/reflection separately computed 
with plane wave sources of TE and TM polarizations to compare with the unpolarized 
light used in the spectrometer. In particular, due to our present optics, our microscope-
coupled FTIR system (Bruker Vertex 70-Huperion 1000) is capable of making high-
quality transmission and reflection measurements without polarizer analyzer arrangement. 
To remain consistent with measurements, we used averaging of TE and TM polarization 
to achieve the response of an unpolarized light in FDTD simulation. These simulations 
used precise geometries extracted from images such as the one in Figure 2c and Figure 3c, 
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but without any line edge roughness (LER). The partial infiltration of openings in the 
mesh structure with adhesive material (NOA) used in the NIL process increases the 
background refractive index, ns. The effect moves the optical response to higher 
wavelength range compared to the case with air as the background medium. In the 
proposed technique, the 3D multilayer stack is embedded and supported inside a polymeric 
scaffold. An O2 plasma etch removes the polymeric scaffold in the exposed regions. The 
effective index of the surroundings is defined by the polymer that remains. This value 
corresponds to ns. The best match between FDTD and experiment occurs between ns = 
1.2-1.3. We used ns ~ 1.25 and 1.2 for telecom and visible bands respectively in the 
FDTD modeling (greater polymer infiltration inside larger open holes of telecom 
structure raises the background index by slightly larger number compared to visible 
case). These modeling results are consistent with those that use vertical sidewalls but 
depth-averaged dimensions. The good agreement between experiment and FDTD results, 
which assume ideal geometries and zero LER suggests that the observed losses are 
intrinsic to the materials. Slight variability in the dimensions of the structures, the 
properties of the constituent materials, and the levels of control (such as uniformity and 
edge roughness) associated with the fabrication are the probable causes of the 10-15% 
overall discrepancy between experimental observation and FDTD simulation. 
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2.3 Results and Discussions 
 
           The results of this simple process appear as SEM images in Figure 2.2a-c. The left 
set of images corresponds to the nanoimprinted polymer; the middle images show the 
sample after deposition of 11 layers of Ag/MgF2 and a top bilayer of Ti/SiO2; and the 
right set of images shows fishnet NIMs in the recessed regions of the nanoimprinted 
polymer, after physical liftoff of the top layers and removal of exposed polymer posts 
with reactive ion etching. The multilayer deposit shows expected angular growth (12-15 
deg) [4, 15,16] such that stacks on the polymer posts exhibit mushroom-like shapes in 
which new layers sequentially overhang previous layers. Shadowing from the top layers 
leads to fishnet NIMs in the recessed regions, with sharply defined edges and overall 
trapezoidal cross sectional shapes.  The base and top have Wy = Wx = 120 nm and Wy 
=Wx ~15  nm,  respectively  (Fig.  2.2c). These selections of line widths are based on 
engineered optical responses as described in the following section. As shown in the SEM 
images of Fig. 2 . 2c, the subtractive liftoff process yields well-defined fishnet NIMs with 
high levels of structural uniformity. Observed ~5-10% variations in fishnet line widths 
(Wx and Wy) arise primarily from variations in angular stack growth. Negligible line 
width variation arises from the NIL process. A corresponding VIS (P = 400 nm) sample 
(also large area (~6.5 cm
2
) and with 11 layers) appears in Fig. 2 . 2d and 
corresponding micrograph images is shown in Fig. 2 .2e. In such examples, the sample 
areas are limited only by the sizes of the PDMS molds, and not by any intrinsic constraint 
associated with the process. An important aspect of this fabrication scheme is that the 
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critical patterning step can be conducted with widely available, commercial tools for NIL, 
unlike the more specialized systems required for nanotransfer printing. 
 
             For the VIS structure, the design goal was to shift the negative index band deep 
into the visible wavelength range while maintaining high levels of transmission. Studies 
using FDTD indicate that both requirements scale together, i.e. narrower fishnet line 
width (Wx) enhances transmission and also the transmission peak moves to lower 
wavelength range due to excitation of symmetric plasmonic resonances at metal/dielectric 
interfaces as can be observed in Figure 2 .3a and Figure 2.3b for P = 400 nm and P = 
300 nm fishnets respectively. Experimentally, this type of operation can be achieved 
by reducing the line width (Wx = Wy = W1) of the fishnet scaffold by changing dimension 
of the NIL mold. Effects of angular growth limit the average stack line width Wav to 70 
nm, corresponding to line widths of W2 ~15 nm and W1 ~120 nm at the top and the base of 
the structure, respectively (Fig. 2.2c). Optical characterization reveals broadband 
transmission peaks at 850 nm and 650 nm for 11-layer 3D fishnets with P = 400 nm and P 
= 300 nm, respectively, as shown in Figure 2.3c. Previous results indicate that at least 3 
unit cells are needed to achieve a bulk-like negative index response [4, 17,18]. Hence, for 
the present case, 11-alternating metal/dielectric layers are sufficient to experimentally and 
computationally achieve a 3D metamaterial response.               
                                                                (1) 
                                                                             (2) 
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              The real and negative part of the refractive index can be extracted by FDTD with 
the measured transmission and reflection data (equation 1 and 2) [19] indicates that the P = 
300 nm structure has a negative index between 529 nm and 710 nm with a maximum of the 
real part Re (n) = -0.73 at a wavelength of 710 nm (Fig. 2.3d). The maximum negative 
index is achieved in the present case is -0.73 which indicates a group velocity that can 
exceed speed of light in free-space [10] due to the nature of wavelength dependent 
dispersion of the propagating mode. The losses for these types of structures are typically 
reported in terms of a figure of merit (FOM) defined by -Re (n)/Im (n). The material loss 
Im(n) can be estimated from the measured transmittance and reflectance data of assuming a 
single pass of light through the metamaterial, as Im(n)=(λ/4πd)ln[(1-R)/T]. The maximum 
FOM for the visible (P = 300 nm) NIM is 4.3, as shown in Figure 2 .3e. The 
wavelengths and the figures of merit are shorter and higher, respectively, than those 
previously achieved in related, multilayer 3D type NIMs [10]. 
 
             The agreement between measured and FDTD predicted transmission (T) is 
excellent for the VIS sample (Fig. 2 . 3c) due to reduced impact of angular growth in the 
small feature sizes associated with this structure. There is no observed significant changes 
in transmission due to the presence of the substrate or the slight tapered geometry of the 
stack, consistent with previous results [10]. Hence, a bi-anisotropy coefficient of unity is 
used during parameter extraction. A key feature of the fabrication approaches described 
here is that they avoid etching steps that can otherwise lead to detrimental parasitic 
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effects associated with sidewall roughness and/or introduction of foreign chemical 
species. 
 
2.4 Conclusions 
 
              The results described here demonstrate that simple NIL techniques, when 
combined with a physical liftoff process, provide access to large-area, high-quality 3D 
metamaterials. The reported NIMs operate in wavelength regimes shorter than those 
previously possible using nanotransfer printing, an alternative large-area patterning 
approach. The practical ease and wide availability of the NIL procedures and the liftoff 
processes, their ability to accommodate both critical feature sizes deep into the nanometer 
range and macroscale areas, and their compatibility with wide ranging classes of 
materials represent a combination of attributes that suggest a strong potential for use in 
both engineering development and exploratory research in fishnet and other emerging 
classes of metamaterials. 
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2.5 Figures 
 
 
Figure 2.1 Fabricating large area 3D negative index metamaterials by combination of 
nanoimprint lithography and subtractive liftoff process. Schematic illustration of the steps 
for nanoimprint lithography and subtractive liftoff process. 
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Figure 2.2 Large area visible 3D negative index metamaterial. Top view SEM image of 
nanoimprint lithography formed polymeric visible fishnet (P = 400 nm) (a) before deposition, 
(b) after deposition of 11-alternating layers of Ag/MgF2 layers and (c) after removal of 
polymer posts, (c, inset) tilted view (52
0
) SEM image of a stack of alternating layers of Ag 
and MgF2 cross sectioned by FIB. Macroscopic optical image of a large (~2.5 cm x 2.5 cm) 
3D NIM (d) and corresponding large area top view SEM is shown in (e). 
 
 
24 
 
 
Figure 2.3 Experimental measurements and simulation results for transmission and 
refractive indices of 3D visible negative index metamaterials. FDTD predicted  
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(Fig. 2.3 continued) transmission as a function of depth averaged fishnet line width (Wav) for 
(a) P = 400 nm and (b) P = 300 nm. (c) FDTD predicted and experimentally measured 
transmission for the chosen depth averaged fishnet line width Wav = 70 nm and the 
corresponding (d) retrieved refractive indices and (e) FOM for P = 300 nm fishnet. 
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CHAPTER 3 
MATERIALS SELECTIONS AND GROWTH CONDITIONS FOR LARGE AREA 
FLEXIBLE VISIBLE NEGATIVE INDEX METAMATERIALS FORMED BY 
NANOTRANSFER PRINTING 
 
3.1 Introduction 
 
As discussed in chapter 2, although nanoimprint lithography has forced the fishnet 
holes to open wide after the metal-dielectric multilayer growth, we still observed a large 
dimension change for the starting and ending fishnet layers, which means there is large 
angular growth profile associated with physical vapor deposition techniques. Such 
intrinsic limitation is inevitable in fishnet metamaterials fabrications if layer by layer 
material growth is involved. In order to remove the hindrance for growing more layers in 
3D fishnet metamaterials, we have explored aspects of PVD growth in previously reported 
materials for multilayered fishnet NIMs, and introduce alternative dielectrics and 
deposition conditions that enable nearly ideal geometries by nTP. 
 
3.2 Experiments 
3.2.1 An Overview of Device Fabrication Scheme 
 
Figure 3 . 1 provides schematic illustrations of the key steps for fabricating 
multilayered NIMs by nTP, as implemented here. A silicon wafer with a square array of 
periodic holes (period, P, edge-to-edge separation, W, and depth ‚H) serves as a stamp 
which is shown in Figure 3 . 1a. The schematic shows the top view of fishnet features of 
relief and the cross sectional view of the fishnet relief cut at the red dash line. Electron- 
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beam evaporation forms multilayer stacks of metals and dielectrics (Fig. 3 .1b) on the top 
and bottom regions of relief, with negligible deposition on the sidewalls. Transfer of 
material from the top regions to a target substrate, here facilitated by a photocurable 
polymer as an adhesive, completes the process (Fig. 3 . 1c). Previous multilayered fishnet 
NIMs formed by nTP exploited Ag as the metal and MgF2 as the dielectric, [1] due to 
their favorable plasmonic properties and established uses in optical coatings, respectively. 
Although Ag deposited by electron-beam evaporation with a material flux collimated in a 
direction perpendicular to the substrate surface grows in a nearly vertical fashion, MgF2 
exhibits angular growth with columar grain structure. [1] This latter behavior defines the 
overall growth profiles of the Ag/MgF2 multilayers. Figure 3.1b illustrates the key 
parameters: the angular profile of the growth, θ, and the characteristic widths at the 
bottom, W, and top, W ,´ of a multilayer stack with trapezoid height t. The thickness, T, 
corresponds to the distance from the base to the highest point on the top surface. The 
thickness-averaged value of θ is, therefore, simply given by tanθ=(W  ´- W) / 2t. 
 
3.2.2 Detailed Experiment Steps 
 
             The silicon was etched using a Bosch process (94 mTorr, etch/passivation: cycle 
time, 5 s/5 s; RIE power 20 W/0 W, SF6/C4F8 flow rate 35 sccm/110 sccm for constant 
ICP power of 600 W; etch rate 1 μ m/80 s) with SF 6 gas, to a depth of ~ 500 nm. A layer of 
photoresist patterned by soft nanoimprint lithography served as the resist. Exposure to C4F8 
in an ICP-RIE system (STS Inc., RIE power = 0 W, ICP power = 600 W, 15 s, chamber 
pressure = 94 mTorr, C4F8 flow rate 110 sccm) formed a cross-linked polymer on the 
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surface of the silicon to facilitate release in the transfer process by reducing the degree of 
adhesion between the deposited multilayer stacks and the substrate. 
 
             Multilayer stacks of Ag and MgF2, and single layers of MgF2,  Al2O3,  SiO2,  and 
TiO2 were deposited using a six-pocket electron-beam evaporation system (AJA 
International). The sample was mounted close to the center of the dome in the chamber; 
where the distance between the sample (~ 2 cm) and source (~ 2.5 cm) was maximized (~ 
60 cm). The angle between the sample and source was estimated to be less than 5°. Due 
to the evaporation profile and the spherical dome shape, the incident flux was 
considered to be uniform over the 2 cm × 2 cm sample area. During deposition of Ag, 
MgF2,  Al2O3, SiO2 and TiO2 the average base pressures and growth rates were 1 × 10
-8 
Torr and 0.1–0.15 nm/s, respectively. The chamber pressure increased by about one order of 
magnitude during evaporation for most dielectrics except for titania, where the increase was 
more than two orders of magnitude. Experiments with physical collimators involved a 
Temescal (FC-1800) six-pocket electron-beam evaporation system, with the sample at one 
end of a cylindrical metal tube whose other end aligned to the source. The chamber 
geometry and sample orientation were similar to AJA International electron- beam 
evaporation system. Sequential thermal evaporation formed stacks of Ag and the MG 
alpha, alpha, alpha’-tris(4-hydroxyphenyl)-1-ethyl-4-isopropylbenzene with a base 
pressure of 1.0 × 10 
−6 
Torr and rate 0.05–0.1 nm/s using a thermal evaporator (TCI 
International). The other MG material, 5 5 6 6 -tetrahydroxy-3 3 3 3 -tetramethyl-1 1 - 
spirobisindane, was deposited in similar fashion. Pentacene was deposited at 0.03–0.05 
nm/s. All samples were mounted perpendicular to the fl ux in the thermal evaporator. The 
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distance between the sample (~ 2 cm) and source (~ 1 cm) was ~ 50 cm and the angle 
between them was less than 2°. A 20 nm thick layer of SiO 2 deposited by electron-beam 
evaporation (AJA International) on the top layer of Ag served as a resist to wet etching of the 
Ag from the sidewalls. 
 
A mixture of sodium thiosulfate (anhydrous, 1.581 g), potassium ferricyanide 
(0.042 g), potassium hexacyanoferrate (0.329 g) dissolved in DI water (100 ml) served as 
the etchant. Immersion times were 15, 30, 40, and 60 s, each followed immediately by 
rinsing in DI water. 
 
A liquid pre-polymer to polyurethane (NOA 63, Norland Inc.) spin-casted onto a 
clean glass plate served as an adhesive. A silicon stamp coated with multilayer stacks was 
pressed into contact with this substrate. Passing UV light (Osram Sylvania 100 W MV 
PAR38, power density 8.4 mW/cm 2 ) through the glass for 1 h cured the NOA into a 
solid form, to form a strong bond with the multilayer stack. Removing the stamp 
completed the process. 
 
Transmission spectra were collected using Varian Cary 5G UV-Vis-NIR 
spectrophotometer where the photo-detector is changed right at 800 nm where a small 
step-like response is always artificially added to the measured spectrum by the instrument. 
 
The data was collected over a slit with a diameter of 2 mm. Transmission spectra 
were normalized using a glass substrate with cured NOA. Transmission spectra were 
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calculated using experimental parameters for the printed NIMs structures, with a 
commercial FDTD software package (Lumerical FDTD, Lumerical Solutions Inc.). A 
Drude model was used for the dielectric parameters of Ag in the  FDTD  simulation,  with  
a  plasma  frequency  of  1.37  ×  10
16  
s
-1   
and  scattering frequency of 8.5 × 10
13  
s
-1
. 
The scattering frequency was increased by a factor of 3 compared with that of bulk Ag 
to account for the additional surface scattering loss. The FDTD simulations used 
averages of transmission separately computed with plane wave sources of TE and TM 
polarizations, to compare with the unpolarized light used in the spectrometer. These 
simulations used precise geometries extracted from images obtained in the experiment but 
without any line edge roughness (LER). The partial infiltration of openings in the mesh 
structure with adhesive material (NOA) used in the nTP process increases the 
background refractive index, ns. The effect moves the optical response to higher 
wavelength range compared to the case with air as the background medium. We used ns 
~ 1.4 in the FDTD modeling. The good agreement between experiment and FDTD 
results, which assume ideal geometries and zero LER, suggests that the observed losses are 
intrinsic to the materials. Slight variability in the dimensions of the structures, the 
properties of the constituent materials and the levels of control (such as uniformity and 
edge roughness) associated with the fabrication are the probable causes of the 10–15% 
overall discrepancy between experimental observation and FDTD simulation. 
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3.3 Results and Discussions 
 
             For purpose of fabricating fishnet NIMs by nTP, the ideal stack has θ = 0. All 
observations in real systems show θ > 0, dominated by angular growth in the dielectric 
material. Figure 3.1d-f presents SEM images of cross sectional and top views of films 
and multilayers deposited onto silicon stamps with P = 300 nm. Figure 3 . 1d 
corresponds to single layer of MgF2 with T~300 nm, where angular growth is evident, 
i.e. W~77±2 nm and W ~´228±6 nm, t~219±3 nm, with θ~19.1°±0.6°. Similar studies 
indicate that θ for Ag is close to zero. [1] This behavior in angular growth of MgF2 
directly affects the geometry of multilayer stacks of Ag (35 nm) / MgF2 (15 nm) (Fig. 
3 .1e), where t~224±3 nm, W~117±3 nm, W ~´249±15 nm, and θ ~ 15.3°±1.6°. Here, the 
diameters (D) of the holes in the fishnet evaluated at the top surface of the deposited 
multilayers are smaller than the value set by the geometry of the stamp, i.e. ~220 
nm, and exhibit a large variance, i.e. between 25 nm and 85 nm (Fig. 3.1f). The values 
of θ, inferred from D, t and the geometry of the stamp, lie within the range of 16°-23° 
which is somewhat larger, but comparable to, those determined from the cross sections. 
Although these effects can be manageable in fishnets with relatively large geometries for 
operation in the IR and NIR, [1] they severely limiting for designs in the visible, where the 
period of the fishnet can be in the range of 300 nm or less. The choice of 300 nm or less 
period for visible operation came from linear scaling between surface plasmon induced 
light transmission and structure period [2-4]. For instance, the structures of Fig. 3.1f have 
an optical transmission of less than ~1% at a wavelength, λ = 650 nm, due mainly to 
small values of D. Experiments show that control over physical collimation and other 
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examined conditions associated with deposition offers only limited utility in reducing θ. 
In our setups, the source for evaporation has a diameter of ~2.5 cm, and the distance from 
source to sample is ~60 cm; for a sample size of ~2 cm placed perpendicular to the 
source, the incident material flux front has almost zero angular distribution over 
W~117±3 nm line width. Further efforts to enhance the degree of collimation using 
tubes placed between the source and sample dramatically reduce the deposition rates, but 
without significant benefits in angular growth (Fig. S1). Other techniques, such as ion 
beam assisted electron-beam deposition, also do not decrease θ appreciably (Fig. S2). 
(We note that θ can depend slightly, although not significantly, on the geometry of 
the relief on the substrate. See Fig. S3.) Other inorganic dielectrics with suitable optical 
properties, such as silica [5] and alumina, [2, 4] exhibit similar behavior. Organic small 
molecule materials, many of which can be thermally evaporated, represent alternatives. 
 
              Figure 3.2 provides top view SEM images of stamps coated with various 
candidate materials, including alumina (Al2O3; T~340 nm) (Fig. 3.2a), silica (SiO2; 
T~300 nm) (Fig. 3.2b), titania (TiO2; T~320nm) (Fig. 3.2c), a molecular glass (MG: 5 5' 6 
6'-tetrahydroxy-3 3 3' 3'-tetramethyl-1 1'-spirobisindane; T~350 nm) (Fig. 3 . 2d) and 
pentacene (T~300 nm) (Fig. 3 . 2e). The results clearly show that only MG yields 
deposits with W~W .´ Specifically, the inferred values of θ from the images of Figure 
3 . 2 are: ~25° for Al2O3; ~30° for SiO2; ~25° for TiO2; ~3° for the MG. The θ for 
pentacene is large, but difficult to estimate due to the grain structures. Such behaviors 
are qualitatively consistent with previous   observations   that   dielectric   materials   
such   as   SiO2     and   Al2O3     with polycrystalline morphologies tend to grow with 
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large angles on structured surfaces. [2,4-5] The results of Figure 3.2 suggest that 
thermally evaporated MG systems [6,7] provide an attractive class of dielectric for NIMs 
formed by nTP, likely due to their lack of grain structure and non-columnar growth.  
Cross sectional and top view SEM images in Figure 3.3 provide additional evidence that 
θ is ~2°, not only for a different MG but also for multilayer stacks with Ag. (The 
slight negative angle observed near the top of the stack arises from the focused ion beam 
preparation techniques used to enable the cross sectional views.) Figure 3.3a shows that 
with a MG thickness T~300 nm, where t~ 220 nm, W~110 nm and W ~´130 nm, 
θ~2.2±0.2°. A multilayer stack of Ag/MG yields an even slightly smaller angle (Fig. 
3 .3b), where t~205 nm, W~115 nm, W ~´125 nm, and θ~1.4±0.3°. For this geometry, the 
hole diameter decreases from the base to the top, from ~185 nm to ~159 nm (Fig. 3.3c). 
(We note that the value of θ inferred from D is ~3.5°). To ensure suitablity of MG as a 
good optical dielectric we performed spectroscopic ellipsometry and experimentally 
obtained refractive indices (n, κ) which verifies almost no absorption loss over the 
visible band (Fig. S4) and closely matches with previously reported (n, κ) values of such 
materials. 
 
Deposits like those of Figure 3.3 can be transferred, by nTP, to a target substrate to 
complete the fabrication. Here, a layer of a liquid prepolymer (Norland, NOA 63) spin- 
casted onto a glass plate ensures strong adhesion and high fidelty in the transfer. 
Photocuring the prepolymer by passing ultraviolet light through the glass and then 
removing the stamp yields a high quality NIMs structure, without observable defects. 
Figure 3.4 shows large area SEM images of Ag/MG multilayer stacks on a stamp (Fig. 
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3.4a) and transferred to NOA/glass (Fig. 3 .4b). NIMs with macroscopic sizes (~4 cm
2
), 
limited only by the available overall dimensions of the stamp, and with uniform 
properties are routinely possible (Fig. 3.4c). Optical measurements indicate, however, low 
transmission in the range of wavelengths of interest, i.e. less than 1% at λ= 650 nm, as 
can be seen in Figure 3 .5a. This low transmission is a direct consequence of the small θ 
because, in the absence of angular growth, the incident flux of Ag can lead to formation 
of grains and particles on the sidewalls of the multilayer stacks. The effect is visible in 
Figure 3 . 3b. Such deposits can electrically short adjacent Ag layers in the stack, thereby 
diminishing the excitation of strong magnetic responses that underpin the behavior in 
the NIMs structure. Immersing the sample in a wet chemical etchant for Ag can reduce or 
eliminate this problem. For etching times between 15 s to 30 s, the peak transmission 
increases from 18% to 40%, as shown in Figure 3.5b. Beyond 30 s, the etchant begins 
to remove significant amounts of Ag from the multilayer stacks themselves. The excess 
removal of Ag causes damage to the desired metal-dielectric-metal LC resonant circuit 
and the electro-magnetic resonance diminishes and consequently less light transmits out 
of the structure, thereby leading to a decrease in transmission from 23% to 12% for times 
of 45 s and 60 s, respectively. 
 
Comparing experimental and FDTD results enables extraction of effective optical 
properties of the NIMs. It has been firmly established in the optics community that full- 
vectorial FDTD prediction of index is sufficiently accurate to experimental 
observations. [8-10] Interferometric measurements to verify FDTD predictions of 
negative refractive index have been previously demonstrated for similar fishnet 
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metamaterials. [1, 11] Transmission and reflection spectra are calculated using 
experimental parameters for the printed multilayered NIMs structures, with commercial 
FDTD software package. A Drude model was used for the dielectric parameters of silver 
in the FDTD simulation, with plasma frequency 9.0 eV and scattering frequency 0.054 
eV. The scattering frequency is increased by a factor of three compared to that of the bulk 
silver in order to account for the additional surface scattering loss. [12] These simulation 
results were used to retrieve the impedance (z) and refractive index (n) of the samples. 
The retrieval exploited effective medium approaches, as described elsewhere. [8-10] For 
calculation, we use W=120nm, W’=140nm and T=285nm, with θ=2° respectively. Optical 
characterization reveals a broadband transmission peak of 40.1% at 802 nm after an 
etching time of 30 s. The results exhibit good agreement with FDTD prediction (Fig. 
3.6a). The origin of the shoulder at around 0.6 µm is due to the partial infiltration of 
polymer inside the open hole of fishnet pattern which causes plasmonic mode to split due 
to index contrast across the multilayer stack. Figure 3 . 6b shows the real and 
imaginary components of refractive index extracted by FDTD. The real part of the 
refractive index is negative from about 350 nm to 654 nm. The effective index of a 
multilayer metal/dielectric stack differs significantly from their respective bulk values. In 
the present case the multilayer stacks are comprised of 6 Ag and 5 MG (refractive 
index =1.6) alternating layers. The real component of refractive index of “bulk” Ag at 
around 1 µm is Re(n)~0.1 (Palik Silver) which makes the extracted stack effective index 
of Re(neff) ~0.25  consistent  considering  35  nm  thick  Ag  layers  verses  15  nm  MG  
layers.  Two branches of the Re (n) which are labeled as ‘Mode 1’ and ‘Mode 2’ represent 
two propagating optical modes in the system as previously reported. [1,13] The loss for 
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these types of structure is reported in terms of FOM defined by - Re(n)/Im(n), which is high 
for the visible P = 300 nm Ag/MG NIMs of 7.4 at 654 nm as shown in Figure 3.6c, 
consistent with low loss. The good agreement between experiment and FDTD results 
that assume ideal geometries of the fishnets provides additional evidence of the high 
structural quality of the samples. 
 
3.4 Conclusions 
 
The results described here reveal some important effects of film growth in the 
formation of fi shnet NIMs by large area processing techniques such as nTP. A key fi 
nding is that the film growth characteristics in MG systems make them attractive 
alternatives to more widely explored inorganics for the dielectric layers. The outcomes 
enable fabrication of multilayered NIMs with excellent operational characteristics in the 
visible regime and they appear to have implications in other areas of optical application of 
nanotransfer printing. 
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3.5 Figures 
 
Figure 3.1 Schematic illustration of steps for fabricating multilayered fishnet NIMs by 
nTP. Top and Cross sectional views of (a) a silicon stamp made by nanoimprint lithography 
and etching, (b) this stamp after physical vapor deposition of alternating metal and dielectric 
films, (c) after transfer of the surface multilayer stacks onto a glass substrate coated with a 
photocurable polymer. Scanning electron micrographs of (d) cross sectional image of a layer 
of MgF2 (300 nm) deposited by eleactron-beam evaporation onto a silicon stamp, (e) cross 
sectional image of alternating layers of Ag (35 nm) and MgF2 (15 nm) on a silicon stamp, 
with total thickness ~300 nm, (f) top view of the stamp after deposition shown in (e). The 
dashed yellow boxes in (d) and (e) show the large angular profiles that develop in the films.  
The dashed yellow circle in (f) indicates the diameter of the periodic holes on the stamp 
before deposition. 
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Figure 3.2 Top view scanning electron micrographs of silicon stamps after deposition of 
various dielectric materials. (a) Al2O3 (340 nm; electron-beam evaporation), (b) SiO2 (300 
nm; electron-beam evaporation), (c) TiO2 (320 nm; electron-beam evaporation) (d) MG 5 5' 6 
6'-tetrahydroxy-3 3 3' 3'-tetramethyl-1 1'-spirobisindane (350 nm; thermal evaporation) and 
(e) pentacene (300 nm; thermal evaporation).  The dashed yellow circles illustrate the 
diameters of the periodic holes on the stamps before deposition. 
 
 
Figure 3.3 Cross sectional and top view scanning electron micrographs illustrating 
aspects of using MG (alpha, alpha, alpha'-tris(4-hydroxyphenyl)-1-ethyl-4-
isopropylbenzene) as the dielectric. (a) Cross sectional image of a layer of MG (300 nm) 
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(Fig. 3.3 continued) deposited by thermal  evaporation onto a silicon stamp, (b) cross sectional 
image of alternating layers of Ag (35 nm) and MG (15 nm) on a silicon stamp, with a total 
thickness ~280nm, (c) top view of the stamp after deposition shown in (b).  The dashed 
yellow boxes in (a) and (b) show the slight angular profiles that develop in the films.  The 
dashed yellow circle in (c) indicates the diameter of the periodic holes on the stamp before 
deposition. 
 
 
Figure 3.4 Scanning electron micrographs of large area fishnet NIMs comprised of 11 
alternating layers of Ag and MG (alpha, alpha, alpha'-tris(4-hydroxyphenyl)-1-ethyl-4-
isopropylbenzene). (a) Top view on the surface of a silicon stamp with an enlarged view as 
the bottom left inset, (b) top view after transferred to a glass substrate by nTP with an 
enlaregd view as the bottom left inset, (c) picture of a representative sample, which covers an 
area of ~4 cm
2
. 
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Figure 3.5 Transmission properties for (a) a stack of 11 alternating layers of Ag and MG 
(alpha, alpha, alpha'-tris(4-hydroxyphenyl)-1-ethyl-4-isopropylbenzene) on glass, as 
transferred by nTP, (b) after wet chemical etching of the Ag for different times. 
 
 
Figure 3.6 Experimental measurements and simulation results for transmission and 
refractive indices of  Ag and MG (alpha, alpha, alpha'-tris(4-hydroxyphenyl)-1-ethyl-4-
isopropylbenzene) NIMs.  (a) FDTD predicted and experimentally measured transmission 
(with 30s Ag etch) for the chosen depth averaged fishnet line width Wav = 130 nm and the 
corresponding (b) retrieved refractive indices and (c) Figure-of-Merit for P = 300 nm fishnet. 
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CHAPTER 4 
THREE-DIMENSIONAL, WIDE-BAND TUNABLE PLASMONICS WITH 
EXTREME STRETCHABILITY 
 
4.1 Introduction 
 
             Three dimensional photonic structures interact with light in many extraordinary 
ways that yield optical properties can hardly been achieved with two dimensional planar 
structures. Chiral metamaterials [1], all direction [2] or planar [3, 4] stacked split ring 
resonators, and quasi 3D plasmonic structures [5, 6] represents a few applications. 
However, the fabrication techniques involved such as direct laser writing, stacked electron 
beam lithography and membrane projection lithography etc. are quite challenging and not 
large-scale applicable, which limits the wide adoption and real application of such complex 
photonic structures. In addition, three dimensional photonic device with reversible 
structural formation and wide band tunability has rarely been demonstrated. Plasmonics 
is one type of photonic devices that can concentrate light at the nanometer scale and 
amplify the electromagnetic fields through the excitation of localized surface plasmon 
resonances. The plasmonic signal is sensitive to the nanostructure size, shape, 
interparticle distance and surrounding dielectric environment, they can be used as gas 
molecular and biomolecular sensors with ultra-high sensitivity [5, 7-8]. Common 
fabrication scheme such as electron beam lithography and nanoparticle synthesis have 
limited the device application on a two dimensional, small area and rigid substrates which 
is not ideal for wearable, low cost devices. By implementing similar strategies from the 
stretchable, buckled semiconductor electronics [9-14], a wide band tunable, large area 
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plasmonic device with extreme stretchability and reversible complex three dimensional 
structures can be realized. With the new mechanical properties, stretchable and tunable 
plasmonic devices have open up the potential to enable tunable optical properties and be 
wearable on human skin as epidermal photonic devices [15]. There have been a few 
efforts in realizing flexible and stretchable plasmonic devices recently which still 
remains as a great challenge. The device area is limited to hundreds of square 
micrometers for EBL fabricated devices [16-17] or the newly developed nanostencil 
technique [18-19]. Self-assembled gold nanoparticle array transferred onto elastomeric 
substrates has larger area but the particle distribution is irregular and hard to control over 
long range [20, 21]. Last but not the least, the stretchability of all recent demonstrated 
devices only ranged from 20%-30% [18, 20] with rare cases of ~50% [16], which is still 
falls behind compared to the stretchable electronics applications that has extreme 
stretchability above 100% [22-25]. As a result, only narrowband tunability is realized 
for tens of nanometers and the associated mechanical properties are not compatible with 
potential human body integration and low cost applications. We employ simple yet robust 
soft lithography and transfer strategies used in large area fishnet metamaterials [26-28] to 
yield a large area gold nanodot array (period = 300nm, diameter=220nm) bonded to an 
ultra-soft elastomer substrate. Such ultra-fine and uniform plasmonic structure has a 
device area of 4cm
2
, an unusual stretchability beyond 100% and broadband tunability 
~540nm in the transmission spectra. The nanodot geometry deformation was carefully 
examined under different strains, and for the first time, we observed a linear, two 
dimensional interparticle spacing change due to Poisson effect under smaller strains, 
transformed into a three dimensional, short range ordered buckling waves due to 
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compression at large strains. Detailed mechanical modeling including semi- analytical study 
and Finite Element Analysis (FEA) have been performed to explain such extraordinary 
structural change, while Finite Element Method (FEM) simulation results are used to 
compare with the experimental transmission spectra measurement. All the results 
describe here are highly relevant to future human body compatible optical sensors and 
metamaterials devices, and real time strain-tunable plasmonic devices. 
 
4.2 Experiments 
4.2.1 An Overview of Device Fabrication Scheme 
 
           We started with a soft lithographic technique (Fig. S5a) that creates uniform 
square nanopost array on silicon substrates (P=300nm, D=200nm, H=300nm) which is 
served as a stamp. An additional fluorination step is used to reduce the surface adhesion 
during which the fluoropolymer formation has caused the nanopost diamater increased to 
220nm. A multilayer materials growth step (the ink) (Fig. S5b) is completed in electron 
beam evaporator, where a 40nm of gold is grown first as the functional plasmonic 
materials, a 5nm titanium is used to adhere the gold to the ending silicon dioxide layer 
(~40nm). Au nanodot layer maintains a diameter of 220nm due to vertical growth while 
angled growth associated in the dielectric SiO2 layer [27] has caused the ending nanodot 
size enlargement to ~250nm. Ultra-violet ozone treated PDMS substrate with a thickness 
around 300 micrometer and modulus of 0.17 MPa has been brought into contact with the 
SiO2 top surface. A mild heating promotes the condensation reaction between SiO2 and 
the hydroxyl functionality on the PDMS surface and creates a strong bonding. The 
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nanodot array is transferred to the soft elastomeric substrate completely (Fig. S5c). SEM 
images of the silicon “stamp” and the nanodot array transferred to the soft substrate 
before stretching and released after stretching are shown in Fig. S5d-f. Fig. S5g shows a 
systematic stretching experiment from 0% to 107% on a homemade metal stretcher. 
Figure 4 . 1a compares a device without any strain applied and a 107% strain along 
the y direction. Under such large strain, the plasmonic array forms semi- regular three 
dimensional wavy patterns as shown in the schematic of Figure 4.1b. Figure 4.1c-d are 
the 45°tilted SEM images of the transformation from no strain state to a buckled state, 
which indicates a clear transition from two dimensional planar geometry to a three 
dimensional buckled geometry. Figure 4 . 1e-i shows the optical images of the fabricated 
large area, uniform nanodot array with different materials such as gold (Fig. 4 .1e), silver 
(Fig. 4.1f) and aluminum (Fig. 4.1g). The slight color difference comes from different 
resonance peaks associated with different plasmonic materials. Fig. 4 . 1h-i show the gold 
plasmonic device in a tilted view and a bent view, with uniform color and extreme 
flexibility. These results demonstrate soft lithography and transfer printing techniques 
can yield large area nanostructures that has precise dimension control and uniformity 
with high throughput that no other technique can compare. Such fabrication scheme is not 
limited by any nanostructure size/shape and compatible with many classes of plasmonic 
materials. 
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4.2.2 Detailed Experiment Steps 
 
The silicon nanodot array pattern was obtained by soft nanoimprint lithography 
and oxygen plasma dry etching (PlasmaTherm, chamber pressure = 15 mTorr, RIE power = 
50 W, O2 flow rate = 10 sccm) that forms a photoresist mask described elsewhere [27, 
28], followed by etching using a Bosch process (STS Inc., chamber pressure = 94 
mTorr, etch/passivation cycle time = 5 s/5 s, RIE power = 20 W/0W, SF6/C4F8 flow rate 
= 35 sccm/110 sccm, ICP power = 600 W), to a depth ~300 nm. Remaining photoresist 
residue is removed by oxygen plasma dry etching again. Exposure to C4F8 in an ICP-RIE 
system (STS Inc., chamber pressure = 94 mTorr, passivation time = 15 s RIE power = 0 
W, C4F8 flow rate = 110 sccm ICP power = 600 W) formed a cross-linked polymer on the 
surface of the silicon to facilitate release in the transfer process by reducing the degree of 
adhesion between the deposited multilayer stacks and the substrate. 
 
The metal layer (Au,Ag and Al), titanium adhesion layer and SiO2 bonding layer 
were deposited using an AJA International 6-pocket electron beam evaporator. Typical 
chamber base pressures of 1.0 x10
-8 
Torr and deposition rates of 0.1-0.15 nm/s were 
found to yield the best growth quality. 
 
A low modulus, tacky form of PDMS, created by mixing in a 35:1 ratio by 
weighing base and curing agent of a commercial material (Sylgard 184, Dow Corning), 
was used for receiving substrate. The surface of this material was activated by exposing it to 
ozone created by deep ultraviolet light (BHK Inc., grid lamp, model 88-9102-02) for 3.5 
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min. Contact with the nanodot array on the silicon stamp will initiate condensation 
reactions between the hydroxyl groups on the PDMS and those on the top exposed layer of 
SiO2 on the substrate. A mild heating at 110 degree for 25s would lead to strong 
bonding between  the  nanodot  array  and  PDMS  substrate.  Peeling the  PDMS  away 
transfers the nanodot array, in their entirety, from raised regions of the substrate. 
 
Transmission spectra were collected using Varian Cary 5G UV-Vis-NIR 
spectrophotometer. The data was collected over a slit with a diameter of 3 mm, with a 
polarizer oriented perpendicular to the stretching direction. Transmission spectra were 
normalized using a bare PDMS substrate. 
 
The Finite Element Method (COMSOL software) was employed to study the 
optical response of structure with increasing strain. In our simulations, structure was 
placed in a homogenous surrounding medium with dielectric constant as ϵ0 = (1 + 
n
2
PDMS)/2 = 1.48 where nPDMS = 1.48 is the refractive index of PDMS. Such homo-
medium approximation has been widely used in theoretical simulations and it can give all 
optical features as real setup in experiments with similar plasmon resonance peak. 
 
4.3 Results and Discussions 
 
 One of the key strategies here is using an ultra- low modulus PDMS substrate 
(170kPa) and induce a strong bonding between the soft substrate and the rigid nanodot 
array, unlike previous reports on nanostencil technique and Au self-assembly technique 
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that used more rigid elastomeric substrates which limited the stretchability. Such design 
has great impact on the ultimate mechanical properties of the plasmonic nanodot array 
which can sustain unusual large strains. We have observed the details of microscopic 
nanodot geometry change with the aid of high resolution SEM images. In Figure 4 .2a, a 
four row by seven column nanodot array was imaged with 45° tilted view. When the 
uniaxial strain is applied in the y direction, the nanodot gap in the x direction decreases 
linearly for the case of 20% and 37% strain due to the Poisson’s effect. When the strain 
reaches a critical value, the spacing between the SiO2 disks in the x direction decreases to 
zero, the stiff dots start to squeeze each other, which then leads to the formation of 
buckling structures to release the relative large strain energy as seen in the 56% strain 
case. Short range ordered waves with five dot wavelength are observed to be the dominant 
buckling pattern here. When the strain continues to increase in the y direction, the spacing 
between the nanodots in the y direction widens, while the buckled structure remains as 
five dot waves as seen in 72%, 89% and 107% strain cases. The larger strain would cause 
bigger wave amplitudes due to the greater compression between the neighbor dots. 
 
Figure 4.2b-c show the nanodot geometry change derived from the FEA simulation 
and semi-analytical method. The parameters employed for the models are shown in Fig. 
S6a-b, where we simplify the nanodot structure into a 40nm thick Au disk with 220nm 
diameter and 40nm thick SiO2 disk with 250nm diameter. In the regime of non-buckling 
deformations under small stretching, the plasmonic dots (>59 GPa) undergo negligible 
deformations, as evidenced by the experiment images and FEA results (for applied strain 
εappl<40%) in Fig. 4 . 2, because they are much stiffer than the elastomeric substrate 
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(170 kPa). As a result, the stretching deformation is mainly accommodated by the soft 
substrate material. The accurate change of the dot-to-dot spacing Shorizontal and Svertical 
until the neighboring nanodots touch each other can be calculated precisely, according to 
                                                         (1) 
 
1 2
1 1x appl 

  
                                                                                                                  (2) 
where εx is the transversely compressive strain approximated for applied strain 
εappl. The results have been plotted in Fig. S6c (P=300nm and D=200nm). The critical 
applied strain that induces the onset of buckling can be then solved. For the stretching 
larger than the critical strain, the buckled plasmonic dots would represent a more energy 
favorable configuration than the non-buckled configuration, as evidenced by the 
experimental observations. The nanodot geometry change predicted by both FEA and 
semi-analytical method has shown a great similarity compared to the SEM images at all 
strain levels. A top-down view comparison has also proved the nice fit between the 
experiment and theory in Fig. S7. Figure 4.2d-f shows the AFM measurement of 
surface profile for the case of 72% strain, as comparison, Figure 4.2g-i shows the 
surface profile predicted by FEA models. The height profile along line 1 plotted in Fig. 
4.2e indicates the average wave amplitude found in experiment is ~ 160nm which 
agrees well with the predicted depth change along x direction by FEA in Fig. 4.2h. The 
height profile along line 2 plotted in Fig. 4.2f and Fig. 4.2i has periodic change ~100nm 
which also agrees with the modeling results in the y direction which corresponds to the 
nanodot multilayer thickness (~85nm). 
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Five dot wave pattern dominates when buckling appears, and different modes 
coexist under the same strain condition (56%) as shown in Fig.  S8. In Figure 4.3a-c, 
the close-up view of two, three, four and five dot waves imaged by SEM with top down 
view have been compared to FEA results and semi-analytical results. A representative 
buckling mode with five dots in one period (Fig. S9) is taken as an example herein to 
illustrate the model. Under stretching along the y axis, the buckling mode observed in 
experiment measurements is assumed in the theoretical model, similar to the sinusoidal 
buckling profile used in analyses of wrinkling in wavy silicon ribbon fully bonded to 
prestretched elastomeric substrate [12]. Specifically, two dots in the period undergo the 
same rigid- body rotation (with an angle of θ), while the other three dots keep almost flat, 
as shown in Fig. S9a. It is noteworthy that two different contact modes between the 
rotated dot and the dot at wave valley are possible to occur, as shown in Fig. S9b. the 
rotational angle θ, can be then determined by solving the following equation: 
2 2 2
20 05 5tan 4 tan 5 0
2 21 1
SiO SiO SiO
appl appl
P P
D h D
 
 
 
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     
for contact mode I,                                                                                                       (3a) 
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for contact mode II.                                                                                                          (3b) 
In addition, four and five dot waves are observed to be the major patterns at higher strains 
(89% and 107%) while two and three waves are hardly observed. Lower strains such as 
56% have all typed of wave patterns present. Using similar model and calculation, we 
have summarized all the critical strain conditions that applicable to different nanodot 
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period-over-diameter ratios (P/D) in Figure 3d with experimental data points plotted 
against the analytical results. If we have a low P/D ratio which means a large nanodot 
diameter and small interparticle spacing, we will have a buckling occurring at much lower 
strain compared to a high P/D ratio case. With all the initial nanodot geometry information 
known beforehand, we can predict the critical strain that three dimensional buckling would 
appear.  
             
             Figure 4.4a shows the large area SEM images of the nanodot array with 37% strain 
applied in the y direction. The interparticle spacing decreases in the x direction and the 
nanodots almost touch each other. At a large enough strain that exceeds the critical value 
such as 72%, the buckling effect occurs all over the device area as shown in Figure 4.4b. 
The buckling pattern is observed to be regular in a local region such that the same wave 
pattern would repeat for a few wavelengths. Over the long range, the buckling waves 
undergo many types of change. Typical transformations are (1) buckling mode change, e.g. 
from five particle waves to four particle waves; (2) one wave with larger wavelength 
splitting into two waves with smaller wavelength, or where two small waves merge into 
one wave; (3) wave peak changes to wave valley or vice versa. Such long range complex 
pattern formation cannot be predicted by the analytical model or FEA simulation due to the 
complication in calculation and many factors that affect the pattern formation. Since the 
soft substrate has very low modulus and the rigid nanodot can rotate in any arbitrary 
directions, the local interaction between nanodots and whether tensile strain or 
compressive strain is present for a particular region cannot be predicted or controlled in the 
experiment. Despite that many types of geometry deformation can be found in the 
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experiment, we can still make reasonable assumptions in the mechanical models, as 
majority of the buckling pattern is five dot waves. Figure 4.4c-d shows the 45°tilted SEM 
view along both x and y directions with 107% strained applied in y direction. It provides us 
a clear view on the three wave pattern transformations as discussed before, and also 
confirmed that the semi-regular buckling waves consist of mostly five particles. A complete 
set of SEM images of the nanodot array deformation at different strains in a top down view 
and tiled view have been shown in Fig. S10 and S11. Fig. S12 has revealed the large area 
patterns (~10000 μm2) under a large strain which is defect-free and forms semi-regular 
buckled waves all over the area. All these results have suggested that with the tool of 
designing initial nanostructure geometry with different sizes, shapes and interparticle 
spacings etc., we can form complicated three dimensional buckled patterns that can result 
in extraordinary plasmonic resonance beyond the critical strain value. 
 
Figure 4 . 5a shows the transmission spectra measured through 3mm diameter slit 
opening under the seven strain conditions normalized to a bare PDMS substrate. The light 
source is polarized perpendicular to the stretching direction so that the effect of decreasing 
the dot-to-dot spacing can be revealed. The original Au nanodot array with a period 
of 300nm and an Au diameter of 220nm has a resonance peak located around 770nm. 
With uniaxial strain applied, we observed an almost uniform red shift in the plasmonic 
resonance peak to 1310nm at the strain of 107%. This red shift can be understood by many 
previous experiments on studying the effect of different interparticle spacings [29, 30]. 
When the polarization is aligned in the longitudinal mode (orthogonal to the stretching 
direction), the decrease in the dot-to-dot spacing would cause weakening of coulomb 
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coupling forces between neighboring nanodots, thus resulting in a lower resonance 
frequency and red shifts in the transmission spectra. Although a three dimensional buckled 
wave has formed beyond the critical strain value, we didn’t observe an abrupt change in the 
transmission spectra features. At larger strains, the absolute transmission value increases 
and the plasmonic resonance broadening has been narrowed. The nanodot geometry 
deformation under different strains derived from the mechanical models provide the basis 
for the optical simulations where accurate structural information is essential. Here we 
have investigated the optical behavior by employing both numerical simulations and 
analytical analysis. The effect of linear interparticle spacing change in both x and y 
directions have been plotted in Fig. S13. A smaller structural dimension (Fig. S13a) is 
used in the simulation to avoid interference effect and make computation efficient. By 
taking both gap widening in the y direction and gap narrowing in the x direction into 
consideration, a uniform red shift in the resonance peaks has been observed with increasing 
strain in the y direction (Fig. S13b). If we keep the spacing between nanodots constant 
in the x direction and keep widening the gap in the y direction only, the broadening of 
resonance has been narrowed with increasing strain (Fig. S13c). On the contrary, the 
broadening of resonance widens at higher strain if the gap shrinks in the x direction and 
keeps constant in the y direction (Fig. S13d). The effect of nanodot rotation has also been 
examined for the buckling patterns in Fig. S14. The strain has been fixed at 80% and the 
rotational angles have been varied from 0 degree to 80 degree. The simulation results 
showed a blue shift in transmission spectra for larger rotational angles which means the 
red shifts with increasing strain are mainly contributed by the interparticle spacing 
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change in both directions, not by the nanodot angular rotation. However, the increase in 
the transmission value could be contributed by the change of nanodot rotation. 
 
With all the factors examined, the simulation results based on five dot waves are 
presented in Figure 4 . 5b where strain εx varies from 0 to 107% as in experiments. 
The strain will result in a large red shift of plasmon resonance peak, the transmission value 
is enhanced with increasing strain and the broadening of plasmon resonance peak is 
narrower at larger strain, which agree with the real experimental measured spectra. The 
mismatch in the absolute value of resonance shift and transmission could be attributed by 
the different types of buckling modes and the deformation is semi-regular over the large 
area with unpredictable geometry complexity. Accordingly, the measured transmission 
spectra is actually averaged optical response over all possible buckling modes with 
unknown mode distribution function. Through our simulations, we found the lineshape of 
transmission spectra depends on the real buckling geometry at large strains, and for such 
cases, there are additional in-continuity appearing which might be due to the larger near 
field coupling between cell structures. We believe the lineshape of transmission spectra 
will be smoothed after averaging over a series of buckling modes if the mode distribution 
function is known. A coupling-dipole approximation method described in Fig. S15 shows 
similar results that the resonance peak red shifts with increasing strain. In order to test the 
uniformity of the stretched sample, we have repeated the measurement over different 
areas for the cases of 37% and 72% as shown in Figure 4.4a-b. The results in Figure 
4.5c have demonstrated the uniformity of the fabricated sample under different strains. 
Figure 4.5d has compared the transmission spectra of the sample without any strain and 
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released from a large strain which indicates the three dimensional buckling deformation is 
repeatable and reversible and it is ideal for real-time strain tunable applications. 
 
4.4 Conclusions 
 
             All the new mechanic and optical properties generated in such large area, ultra 
stretchable and tunable plasmonic structures, offer strong potential in realizing different 
types of reversible three dimensional optical structures and epidermal photonic sensors 
by just introducing strain. With the capacity of mechanical and optical modeling 
illustrated here, complicated photonic components and structures can be designed to yield 
an otherwise impossible three dimensional structures upon buckling, with uniaxial, biaxial 
or radial strains. New, extraordinary plasmonic resonance features could be made possible, 
with additional real time, wide band tuning capabilities. Strain induced color change and 
low cost wearable plasmonic sensors would represent other opportunities. 
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4.5 Figures 
 
 
Figure 4.1 Soft, large area nanodot plasmonic device and three dimensional buckled 
structure formed at extreme stretching. (a) Au nanodot array (P=300nm, D=220nm) on 
PDMS substrate under zero strain and 107% strain. (b) Au nanodot plasmonic array with 
zero strain imaged under 45°tilted (along y) SEM. (c) Au nanodot plasmonic array with 
107% strain (applied in y direction) imaged under 45°tilted (along y) SEM. (d) Optical 
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(Fig. 4.1 continued) image of a gold plasmonic device. (e) Optical image of a silver 
plasmonic device. (f) Optical image of a aluminum plasmonic device. (g) Optical image 
of a tilted gold plasmonic device. (h) Optical image of a bent gold plasmonic device. 
 
 
Figure 4.2 Comparison of the SEM images and mechanical model results under 
different strains. (a) Au nanodot array (P=300nm, D=220nm) on PDMS substrate 
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(Fig. 4.2 continued) under seven strains applied in the y direction imaged with 45°tilted 
angle. (b) FEA results  of the Au nanodot array deformation under seven strains shown 
with 45°tilted angle, the color bar represent height change. (c) Semi-analytical results of 
the Au nanodot array deformation under seven strains shown with 45°tilted angle. (d) 
AFM results of the height profile under the 72% strain, with the exact wave amplitude 
plotted along line 1 and line 2. (e) FEA results of the height profile under the 72% strain, 
with the exact wave amplitude plotted along line 1 and line 2 as a comparison to those 
shown in d. 
 
 
Figure 4.3 Comparison of the SEM images and mechanical model results of different 
buckling modes. (a) Top down SEM images of five different buckling modes coexisting 
under 56% strain applied in the y direction, which have two, three, four and five dots in a 
wavelength. (b) Top down view of the FEA results that have five different buckling 
modes. (c) Top down view of the semi-analytical results of the five different buckling 
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(Fig. 4.3 continued) modes. (d) Theoretical prediction and experimental verification of 
creating buckling pattern beyond critical strain withdifferent nanodot array geometry. 
 
 
Figure 4 .4 Large area SEM images before and after the appearance of three 
dimensional buckled structure. (a) Top down SEM of Au nanodot array (P=300nm, 
D=220nm) before critical strain. (b) Top down SEM of Au nanodot array under 72% 
strain with buckling waves formed. (c) 45°tilted SEM (along x) of Au nanodot array 
under 107% strain applied in the y direction, the arrows show three long range buckling  
transformation. (d) ) 45°tilted SEM (along y) of Au nanodot array under 107% strain 
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(Fig. 4.4 continued) applied in the y direction, the arrows show three long range buckling 
transformation. 
 
 
Figure 4.5 Transmission spectra of the Au nanodot array under different strains. (a) 
Experimental transmission spectra of the Au nanodot array under seven strains as shown in 
Fig. 2. (b) Simulated transmission spectra of the Au nanodot array under seven strains as 
shown in Fig. 2. (c) Four transmission spectra measurement of the Au nanodot array 
under 37% and 72% strains. (d) Transmission spectra of the Au nanodot array before 
stretching and after releasing from 107% strain. 
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CHAPTER 5 
EPIDERMAL PHOTONIC DEVICES FOR QUANTITATIVE IMAGING OF 
TEMPERATURE AND THERMAL TRANSPORT CHARACTERISTICS OF 
THE SKIN 
 
5.1 Introduction 
 
Characterization of temperature and thermal transport properties of the skin can 
yield important information of relevance to both clinical medicine and basic research in 
skin physiology. Here we introduce an ultrathin, compliant skin-like, or ‘epidermal’, 
photonic device that combines colorimetric temperature indicators with wireless 
stretchable electronics for thermal measurements when softly laminated on the skin surface. 
The sensors exploit thermochromic liquid crystals patterned into large-scale, pixelated 
arrays on thin elastomeric substrates; the electronics provide means for controlled, local 
heating by radio frequency signals. Algorithms for extracting patterns of colour recorded 
from these devices with a digital camera and computational tools for relating the results 
to underlying thermal processes near the skin surface lend quantitative value to the resulting 
data. Application examples include non-invasive spatial mapping of skin temperature with 
milli-Kelvin precision (±50 mK) and sub-millimetre spatial resolution. Demonstrations in 
reactive hyperaemia assessments of blood flow and hydration analysis establish relevance 
to cardiovascular health and skin care, respectively. 
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5.2 Experiments 
5.2.1 An Overview of Device Fabrication Scheme 
 
            The e-TLC thermal imagers use a multilayer design that includes (1) a thin (20 μm) 
black elastomeric membrane that serves as a mechanical support and an opaque background 
for accurate colorimetric evaluation of the TLC materials, (2) an array of dots of TLC (i.e. 
pixels, with 25 μm thicknesses, and diameters of either 250 or 500 μm, spaced by 250 or 500 
μm), with an optional interspersed array of dots with fixed colors (with diameters of 400 μm, 
spaced by 600 μm) for calibration, both delivered to the surface of the black elastomer by 
transfer printing, (3) a thin (30 μm) overcoat of a transparent elastomer for encapsulation and 
(4) optional electronics in thin, stretchable configurations mounted on the back surface for 
active functionality described subsequently.  (Details appear in Fig. S16.)  The TLC material 
consists of microencapsulated chiral nematic liquid crystals.  The small sizes and large 
spacings of the TLC and calibration pixels, taken together with the low modulus, elastic 
properties of the substrate, encapsulation layer and electronics, yield soft, compliant 
mechanics in the overall e-TLC system.  These properties are well suited for mounting on the 
skin. 
 
5.2.2 Detailed Experiment Steps 
 
            Device calibration and test for noise level. An e-TLC device was placed on a 
metal plate with black matt finish on a hotplate. Two white fluorescent light sources were 
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placed on opposite sides of the device for illumination in a manner that avoided specular 
reflection. A digital camera (Canon Mark II 5D) and an infrared camera (FLIR ExaminIR) 
placed side-by-side were focused on the same area of the device at a distance of B30 cm. 
The angle between the cameras and each of the light sources was 90 degree. The device 
was heated to 40 °C on the hotplate and then the hotplate was turned off. During the 
cooling process, high-resolution images were collected every 10 s with the digital camera; 
the infrared camera captured frames at a rate of 12.5 s
-1
. The process of cooling from 
40 °C to 32 °C lasted about 20 min. The colour information of the TLC was extracted 
from 33 °C to 39 °C with steps of 0.5 °C. The set of algorithms developed to accomplish 
this task are based on computer vision OpenCV (http://opencv.org/) library. The main 
functions are (in alphabetic order) as follows: ‘adaptiveThreshold’, ‘cvtColor’, ‘dilate’, 
‘drawContours’, ‘erode’, ‘findContours’, ‘GaussianBlur’, ‘getStructuringElement’, 
‘imread’, ‘inRange’, ‘matchShapes’, ‘minEnclosingCircle’ and ‘threshold’. In HSV 
colour space, the light intensity information is stored in the ‘value’ channel and is 
completely separated from the colour information, which is encoded in the ‘hue’ and the 
‘saturation’ channels. Hue and saturation are, therefore, a natural basis for temperature 
calibration, as they are not strongly affected by the change in illumination intensity. 
Temperature calibration was constructed by means of two-dimensional linear fit. The core 
function used in the process was ‘lstsq’ from the linear algebra module of Numerical Python 
(http://www.numpy.org/). Any combination of hue/saturation values can be assigned to a 
temperature value. Even for materials that are not temperature sensitive, such as the 
calibration colour pixels, their hue/saturation can be treated as a specific temperature for 
consistency of analysis. To test the noise level and precision of the system, the hotplate 
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temperature was set at a fixed value; temporal fluctuations of TLC colour, calibration dot 
colour and infrared emission were recorded using the two cameras over a period of 15 
min. The colour changes were converted to temperature fluctuation and compared with 
infrared fluctuation directly. 
 
A volunteer (female, 27 years old) reclined in a chair with her left forearm 
secured gently to an arm rest using Velcro strips to reduce movement. A pressure cuff 
was secured around the subject’s left bicep. An e-TLC device was placed on the skin of 
the left wrist approximately above the ulnar artery. Applying puffs of compressed air 
ensured full, conformal contact. Infrared and digital cameras placed 30 cm above the 
subject’s left wrist were focused on the location of the device while illuminated with 
white fluorescent lights. The subject was instructed to relax for 5min. The cuff was 
inflated to a pressure of 250mm Hg for 160 s. Continuous high-resolution colour images 
and infrared temperature measurements were then collected with the two cameras as the 
occlusion started and was then released. The total duration of the measurement was 300 s. 
 
Thermal conductivity was determined by analysing the spatial distribution of 
temperature for a few seconds immediately after activation of a Joule heater in an active e-
TLC device. To validate the computational models, an active e-TLC device was floated on 
the surface of a mixture of ethylene glycol/water preheated to 33 °C. A constant 
voltage supplied to the e-TLC Joule heating element created a steady-state temperature 
rise of a few degrees at the location of the heater. Images were then collected with a 
digital and infrared camera set up above the device with only white fluorescent light 
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sources. The spatial decay of temperature in the e-TLC was recorded by analysis of 
images from the infrared camera and from colour images of the device. The same 
experiment was performed on a volunteer’s forearm skin. Here, different hydration levels 
were achieved by applying various amounts of lotion to the measurement location, before 
application of the active e-TLC device. Immediately after image capture, the e-TLC 
device was removed and a hydration meter was used to determine the actual moisture 
level (averaged from five readings). Measurements of thermal diffusivity used a wireless, 
active e-TLC, with a transmission antenna located ~10 cm away and adjusted to achieve a 
peak change in temperature of a few degrees (RF power below 2.5Wkg
-1 
at frequencies 
between 1.95 and 2.35 GHz, tuned to match the response of the receiver antenna on the e- 
TLC). Both digital and infrared cameras were focused on the device with a distance of 30 
cm. Videos with 60-s duration recorded the changes in temperature associated with 
activation and de-activation of the heater. The experiment was validated using the ethylene 
glycol/water system and then repeated on skin with different hydration levels, in procedures 
otherwise similar to those for the thermal conductivity measurements. 
 
5.3 Results and Discussions 
 
              Figure 5 . 1a shows an e-TLC on the skin of the forearm when twisted and 
gently poked with a mildly heated rod. Small interfacial stresses that follow from the 
low effective modulus and small thickness of the device enable adequate adhesion 
through van der Waals interactions alone. The collapse of a free-standing device under its 
own weight, as shown in the right frame, provides qualitative evidence of these 
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mechanical characteristics. Figure 5.1b shows a pair of magnified images of e-TLC 
devices; those on the bottom include interspersed color calibration pixels consisting of red, 
green and blue dye in a non-toxic acrylic base (aqueous dispersion of organic pigment 
and acrylic polymer, Createx). A completed device of this latter type placed on the curved 
surface of the back of the hand appears in Figure 5.1c. As previously mentioned, the 
backside of the black elastomer substrate provides a mounting location for stretchable 
electronics. The image in Figure 5 . 1d shows an example of an e-TLC device with a 
wireless system for remote delivery of controlled levels of heat, integrated in this way. 
The folded configuration reveals part of the serpentine antenna structure (inset). An 
illustration of this system, in the form of three dimensional finite element analysis (3D-
FEA), appears in Fig. 1e. The antenna captures incident radio frequency (RF) energy to 
power a Joule heating element (inset, Fig. 5.1e). The result provides well-defined, 
localized increases in temperature, as revealed in the pattern of colors in the TLC pixels 
of Figure 5.1f and the infrared images of Figure 5.1g. As described subsequently, the 
results from measurements under such conditions allow determination of the thermal 
conductivity and thermal diffusivity of the skin. 
 
            A key design goal is to produce e-TLC systems that induce minimal perturbations to 
the skin, thereby avoiding irritation, enhancing wearability and ensuring accurate 
measurement capabilities. The mechanical and thermal properties are particularly 
important in this context. Experimental and theoretical studies of the former reveal low 
modulus, elastic characteristics over large ranges of strain. Figure 5.2a shows the 
stress/strain responses of an e-TLC device under static uniaxial testing. The results agree 
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well with the predictions of 3D-FEA.   In particular, the TLC pixels (~221 MPa) and 
elastomeric substrate (~131 kPa) yield an effective modulus (~152 kPa and 178 kPa from 
3D-FEA and experiment, respectively) that is only slightly larger (by 16-35%) than the 
intrinsic value associated with the bare elastomer, and is comparable to that of the 
epidermis itself. The TLC pixels experience ultra-low strain (e.g., <2%) even under 
extreme stretching (e.g., 200%), as shown in Figure 5 . 2b. The resulting stretchability 
(>200%) of the device is >40 times larger than that (~5%) of the TLC material. Negligible 
deformations of the TLC pixels, as observed in experiment and FEA (Fig. 5.2b), allow 
approximations for simple, but quantitatively accurate, analytical solutions of the 
mechanics (Fig. S17a). The thicknesses, bending stiffnesses, effective moduli and 
stretchability of these devices are 50 µm, 3.0 nN∙m, 178 kPa and beyond 200%, 
respectively; these characteristics are superior than those of typical, commercially 
available TLC sheets (Hallcrest) whose corresponding properties of ~125 µm, 570,000 
nN∙m, 3.3 GPa and ~5% (Hallcrest). The differences are significant, at a qualitative level of 
importance for deployment on the skin. The collective mechanical characteristics allow 
largely unconstrained natural motions of the skin, including wrinkling and stretching 
even in challenging regions such as the knees and elbows. Addition of calibration pixels 
reduces the stretchability and increases the modulus (Fig. S17b), but nevertheless enable 
elastic strain levels (50%) that exceed those that can be tolerated by the epidermis (linear 
response to tensile strain up to 15%, nonlinear to 30%, and rupture at >30% [1, 2]). 
Incorporating a wireless electronic heating system further reduces the accessible strain, 
but with an elastic stretchability of nearly 20%, which is useful for many applications 
(see Fig. S18) [2, 3]. Although the characteristics of the antenna change with 
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mechanical deformation, experiments indicate that uniaxial stretching (up to 50%) does not 
disrupt the overall function or the efficiency of power harvesting (see Fig. S19); bending 
decreases the efficiency only slightly. 
 
The thermal characteristics of the systems define the thermal load on the skin, as 
well as the overall time response. For an active e-TLC device, the thermal mass per unit 
area is ~7.7 mJ•cm-2•K-1.  This value corresponds to an equivalent of skin thickness of 
~20 μm, which corresponds to only 25% of the thickness of the epidermis itself [4]. The 
small thermal mass minimizes changes in skin temperature and hydration level induced 
by presence of the device. Temperatures measured with an infrared camera on the forearm 
adjacent to an e-TLC and directly underneath it (Fig. S20a-c) show minimal 
differences. The effects of the device on skin hydration (Fig. S20d) are also small. For 
monitoring of transient processes, the time response of the system is important. For 
geometries and materials investigated here, the response time for an e-TLC device is 
dominated by the thickness and thermal properties of the black elastomer substrate. 
Transient measurements reveal response times of less than ~30 ms, consistent with 
estimates developed using analytical models (Fig. S21). The intrinsic switching times for 
most TLC materials are ~3-10 ms. [5-8] 
 
Reflection mode spectroscopic characterization (Zeiss Axio Observer D1) of the 
stead-state response of the TLC material to changes in temperature between 32°C - 39°C 
show expected behaviors, as in Figure 5 . 3a. With proper calibration, described next, the 
temperature extracted from the hue and saturation values determined using a typical 
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digital camera (Canon 5D Mark II) with the e-TLC device held at a nominally constant 
temperature exhibits a standard deviation of ~30 mK over a measurement time of 760s in 
Figure  5 . 3b.  This  value  is  comparable  to  that  observed  from  temperature  readings 
simultaneously determined with an infrared camera (~50 mK). Equivalent temperatures 
extracted from analysis of color recorded at the calibration pixels (red, green, blue) show 
fluctuations with similar magnitudes, as summarized in Figure 5 . 3c. These observations 
suggest that the process of image capture and color analysis enables levels of precision 
that are comparable to those of infrared cameras, not limited by the physics of the TLC. 
Detailed calibration plots and information on temperature extraction appear in Figure 
S22. 
 
Analysis of hue/saturation/value obtained from the digital camera represents the 
simplest and most straightforward analysis approach.  Sophisticated algorithms based on 
computer vision techniques are advantageous, not only for color determination but for 
full pixelized analysis of complete e-TLC devices.  Figure 5.3d illustrates an example of a 
process that exploits computer vision code (OpenCV), in which an image of an e-TLC 
device that consists of a 7x7 pixel array undergoes a set of color extraction and data 
transformation steps.  A Gaussian filter first reduces noise through smoothing to yield a 
gray scale rendering for use with an adaptive threshold that compensates for illumination 
non-uniformities. The output is a binary mask containing value “1” at bright areas and “0” 
elsewhere.   A two-step erode/dilate process eliminates small speckles that arise from 
defects.  A full list of contours can be extracted from this “clean” image, in which each 
contour bounds a single pixel in the array.  An enclosing circle function uses the contours as 
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inputs to define the pixel positions, for extraction of color information from the 
original, unprocessed image.  A typical calibration that relates hue and saturation values 
extracted in this manner to temperature evaluated with an infrared camera appears in 
Figure 5.3e. The biggest advantage of using hue/saturation/value (HSV) color space 
instead of RGB is that color information is encoded only in two (hue and saturation) 
channels. They are resilient to the change in lightning conditions since that information is 
stored separately in value channel. Any possible hue/saturation combination can be 
represented by a point in polar coordinates where radial coordinate corresponds to 
saturation and angular one to hue. The positions of the calibration set are marked with the 
dots painted with corresponding hue value. These points were used to construct 
temperature calibration by means of two dimensional linear fit. Now for any 
hue/saturation combination can be assigned temperature value which is shown in the plot 
with color gradient. 
 
Scaled implementation of this process is summarized in Figure 5.3f. Here, a full e- 
TLC device on a portion of the wrist where near-surface veins are located reveals 
associated variations in temperature of the epidermis. The hue values across the e-TLC 
yield three dimensional temperature contour plots that reflect the blood vessels with high 
spatial resolution (Fig. 5.3g). A direct comparison with temperature distributions measured 
in the same region using an infrared camera (Fig. 5.3h) exhibits excellent correspondence. 
Plots of the temperature extracted from these two sets of results at the locations indicated 
by the dashed red lines in Figure 5 . 3g, h appear in Figure 5 . 3i. These results 
suggest suitability of e-TLC systems for mapping of vascular distributions in applications 
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such as screening for deep venous thrombosis, without the need for costly infrared camera 
systems. 
 
In such practical situations, the lighting conditions can strongly affect the 
precision and accuracy of the temperature determination [9-12]. In particular, the hue 
and saturation depend on the type of light source used for illumination.   The color 
calibration pixels provide a means to compensate for such effects, since their known 
colors are influenced by the lighting in the same way as the TLC. As a result, algorithms 
that account for shifts in the apparent colors of these calibration pixels yield a set of 
numerical compensations that can restore their actual, known colors. Applying the same 
compensations to the TLC pixels yields a temperature evaluation process that is 
independent of illumination conditions, within some reasonable range. Effects of three 
different lightning conditions appear in Figure 5.4. Red, green and blue color calibration 
pixels, interspersed across the entire device, are present in this active e-TLC sample. 
Figure 5.4a presents an image of the device, with circles that indicate the positions of the 
TLC pixels. A Joule heating element is present in the center region. Fluorescent, light 
emitting diode (LED) and halogen (Figs. 13c, 13d and 13e) light sources provide a range of 
practical examples. The corresponding temperature calibration data appear in Figure 5.4b, 
the circles correspond to the hue/saturation values of TLC pixels at different temperatures 
used to create calibration fits for specific lightings. The stars mark the illumination 
effect on solid color pixels. Red pixels are located at ~5°, green are at ~100° and blue are at 
~240°. Since the solid colors are known it should be possible to extract the compensation 
factor for random light condition. Applying it to TLC pixels should make the temperature 
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detection process much less dependent on specific calibration corresponding to particular 
lightning. This will be subject of future research. Figure 5.4f presents computed 
temperatures evaluated along lines that pass through the central region while the Joule 
element is activated. The results are comparable for all three lighting sources. To 
demonstrate the importance of proper calibration, Figure 5.4g summarizes data that exploit 
the fluorescent sources. Significant discrepancies occur, as might be expected due to the 
different color temperatures of the halogen and LED sources. The resulted discrepancies 
in temperature reading are reflected not only in the temperature maxima, but also the 
temperature profile shape and noise level, which again emphasizes the importance of 
proper calibration and compensation system. 
 
As suggested by the active e-TLC results in Figure 5 . 4, the local Joule 
heating element enables additional measurement capabilities. In particular, spatial and 
temporal variations in temperature at locations near this heater can be used, with thermal 
models, to extract the thermal conductivity and diffusivity of the skin. Increases in 
temperature of a few °C can enable accurate evaluation. The thermal conductivity (k) can 
be determined by comparing measured steady state distributions in temperature to axis-
symmetric thermal conduction models (Fig. S23a, b, e). The skin layer (homogenized 
from real skin and the underlying tissues, with the thickness >2 mm) are usually much 
thicker than the PDMS layer (with a thickness of ~60 μm), such that it can be 
considered as infinitely thick.  The steady-state heat conduction equation is 
2 2 2 2 2 2 0T x T y T z        for both the PDMS and skin, where T is the 
temperature.  The square shaped resistor ( Resistor Resistora b ) serves as the heat source, 
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with the heat generation Q that pumps into the PDMS and skin.  This can be modeled as a 
surface heat flux (  0 Resistor Resistorq Q a b ) for the bilayer system, i.e.
0
PDMS PDMS
zPDMS zSkinz H z H
q q q
 
  ,   for the region occupied by heat source.  The 
free, top surface of the PDMS has natural convection with the surrounding air ( T ), i.e.
 
0zPDMS z
q h T T   , with h denoting the heat transfer coefficient.  The continuity 
conditions include [T] = 0 and [qz] = 0 across the PDMS/skin interface.  By adopting the 
approach of double Fourier transform, the temperature at the sensor plane ( Sensorz H  ) 
is obtained as 
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     (3) 
Equation (3) corresponds to the temperature solution of the forward thermal conduction 
problem, given the thermal conductivity of the skin layer.  The parameters adopted in 
experiments include aResister=bResister=0.5 mm, h=5 W•m
-2•K-1, Hsensor=30 μm, HPDMS=60 μm, 
kPDMS=0.16 W•m
-1•K-1, and the thermal diffusivity αPDMS=1.07 m
2•s-1.  For a representative 
value of kskin=0.31 W•m
-1•K-1 and Q=3.8 mW, the distribution of temperature at the sensor 
plane, as given by Eq. (3), is shown in Fig. S8c, which agrees reasonably well with FEA 
results (Fig. S23d).  The temperature profile along the x axis (in Fig. S23e) is in quantitative 
agreement with the FEA results.  The relatively large discrepancy at the center region is 
mainly attributed to the assumption of homogeneous heat generation q0 through the entire 
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heater, adopted for the aim of model simplification.  Figure S23e also shows the temperature 
gradient is obvious in the region within a distance of ~4 mm from the heater center.  For the 
sensors far from the heater (0.5 by 0.5 mm), the temperature distribution can be approximated 
by the simple solution of a point heat source, i.e. 
2
sensor layer
Q
T T
kr
  
                                                                                                             (4) 
where r is the distance from the heat source, Q is the heat generated by the Joule heating 
element, and T  is the temperature of surrounding air.  An example appears in Figure 5.5a, 
calibration can be performed through measurements of materials with known thermal 
conductivity (Fig. 5.5b).  Figure 5.5c indicates excellent correspondence between thermal 
conductivity of the skin evaluated with an active e-TLC and hydration levels determined with 
a moisture meter (Delfin MoistureMeterSC) that relies on electrical impedance. The 
quantitative values of k fall within a range that is consistent literature values determined by 
subcutaneous thermocouples and high speed radiometer etc. [13]  By simplifying the heating 
element as a point heat source turning on the t=0, the transient temperature variation can be 
analytically solved as 
 
2 4
Sensor layer
Q r
T t T erfc
kr t 
 
 
   
                                                                                        (5) 
where α is the thermal diffusivity of the skin, and 
 erfc x
 is the complementary error 
function.  Therefore, transient temperature data associated with activation or deactivation of 
the Joule heating element can be used to determine thermal diffusivity, α, as illustrated in 
Figure 5.5d (see Fig. S23a,b,f). For the representative value of kskin=0.31 W•m
-1•K-1, 
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αskin=1.14 m
2•s-1, and Q=3.8 mW, the time dynamic temperature given by Equation 5 agree 
remarkably well with FEA results, as shown in Fig. S23f, for three different points (with a 
distance of 0.5, 1.0 and 2.0 mm from the origin). Based on Equation 5 we can determine the 
thermal diffusivity based on the transient temperature data from the e-TLC device. Here, a 
wireless active e-TLC system serves as the measurement vehicle.  The time dependence of the 
temperature, rather than the absolute values, is sufficient for extraction of diffusivity.   Figure 
5.5d gives an example of temperature profile at the sensor with a distance of 0.5 mm from the 
heater, where the analytic curve with the thermal diffusivity of 0.43x10
-7
 m
2
/s gives the best 
match with the experimental data. As with conductivity, the device can be calibrated using 
samples with known diffusivity (Fig. 5.5e).  The device operates at frequencies of ~2 GHz 
with maximum power inputs of ~2.5 W/kg for the subject of the studies described here (i.e. 
one third of the power limit recommended by the Federal Communications Commission’s 
guidelines).  The values also correspond closely to the hydration level, as shown in Figure 
5.5f.  As with k, the values of α are consistent with literature reports based on techniques such 
as opto-thermal measurement. [14] The values of k and α can be combined to yield the 
product of the density (ρ) and heat capacity (c) of skin, based on the relation (cρ=k/α). The 
calculations (See Fig. S23g) show that the heat capacity increases slightly with the increase of 
hydration level (assuming that ρ is approximately constant), which is consistent with 
expectation since the heat capacity (~4.2 J/g/K) of water is larger than the human tissue (e.g., 
~3.7 J/g/K for dermis, ~2.3 J/g/K for fat). [15] 
 
              Spatio-temporal mapping even with passive e-TLC systems yields useful information 
on blood circulation [16, 17], maximal percentage increase in blood flow rate after occlusion 
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[18], and duration of reactive hyperaemia [19]. Measurements of temperature fluctuations 
above the ulnar artery and adjacent veins serve as an important part of a reactive hyperaemia 
protocol. Here, the flow of blood is temporarily occluded by a pressure cuff on the upper arm, 
followed by abrupt release. Figure 5.6a and 5.6b summarize results of measurements 
performed with an e-TLC device and an infrared camera.  Figure 5.6c presents representative 
frames of temperature distributions captured at 20 s intervals throughout the experiment.  
Occlusion, which begins at t=0 s, causes the temperature of the skin above the ulnar artery and 
adjacent areas to decrease drastically owing to lack of incoming blood flow and loss of heat to 
the environment. The minimum temperature is achieved at t=160 s; at this time, the occlusion 
is released and blood flow resumes.  Sharp temperature increases occur in areas above the 
blood vessels, as shown in Figure 5.6c, until the temperature stabilizes. The responses of 
pixels across the array of the e-TLC vary widely depending on their distance from the blood 
vessels.  The maximum temperature fluctuations are ~1.2 °C and occur immediately above the 
ulnar artery; the minimum temperature fluctuations are ~0.4°C and occur at locations away 
from near-surface blood vessels. Direct comparisons of spatio-temporal variations in 
temperature obtained from the e-TLC show quantitative agreement with results from an 
infrared camera (Fig. S13). Fig. 6d and 6e show temperature variations along horizontal and 
vertical lines illustrated in the right image of Figure 5.6a.  A thermal model of the human 
wrist (Fig. S25) that accounts for both the time-dynamic effect of occlusion and the thermal 
diffusion from the ulnar artery can capture the effects revealed in the measurements (Fig. 25f, 
g) and enable extraction of additional physiological information. 
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            A two-dimensional (2D), transient, heat transfer model of human wrist was developed, 
which considers the various tissues surrounding the ulnar artery, and quantitatively 
characterizes the heat exchange between the blood flow and the surrounding tissues.  Figure 
S25a and S25b show the schematic illustration of the tissue geometry, in which a circular 
cross section is adopted for the wrist to simplify the analyses.  The blood at body temperature 
flows through the circular artery embedded in the fat layer, heating the surrounding tissues.  
The heat exchange between the blood flow and the fat layer across the artery wall is described 
with a heat convection model, [16, 17] which assumes the exchanged heat flux (q) to be 
proportional to the blood flow rate, i.e. 
 
 b pb b body s
artery
c t
q T T
D
 

                                                                                                   (6) 
             The temporal variation of blood flow can be described with a piecewise, exponential 
type function [20, 21], corresponding to the three stages of the process: pre-occlusion, 
vascular occlusion, and reperfusion. 
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             Except for tocc,st and tocc,end, which are known in experiments (tocc,st = 0 s, tocc,end = 160 
s), there are six parameters in this model of reactive hyperemia which can be varied to 
simulate the temperature history of blood perfusion.  The aim of the thermal analyses is to 
obtain an optimized set of parameters that can minimize the average difference between the 
simulations and experiment data of temperature-time profile at those sensors with a distance 
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≤7 mm from the artery (Fig. 5.6g).   Figure 5.6g shows that the calculated temperature history 
based on the thermal model agrees with experiment at all six of the pixels near the artery (i.e., 
distance <6 mm).  Discrepancies at the two most distant sensors can be attributed to the 
neglect of heating associated with a nearby vein (~13 mm from the artery) in the model.  For 
vessel diameters and depths that lie within reported ranges, the peak blood flow velocity after 
occlusion is calculated to be 58.8 cm/s, representing a three-fold increase over the baseline of 
19.6 cm/s, with a reactive hyperemia duration of 144 s. These values match those reported in 
the literature for a person with low cardiovascular risk [18, 19]. 
 
5.4 Conclusions 
 
            Epidermal photonic systems, as embodied by the e-TLC devices introduced here, offer 
strong potential for characterization of the skin and, by extension, important parameters 
relevant in determining cardiovascular health and physiological status. These same 
capabilities can be useful in wound treatment and monitoring during a healing process, cancer 
screening, core body temperature assessments and others of clinical relevance. In all cases, the 
ability to wear the devices continuously, over days or weeks, and to perform readout and 
power delivery via a conventional smartphone, represent uniquely enabling features. Photonic 
operation in the red and near infrared could enable use in near-surface implantable diagnostics. 
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5.5 Figures 
 
 
Figure 5.1 Pictures, micrographs and design features of an ‘epidermal’ thermochromic 
liquid crystal (e-TLC) thermal imaging device.  (a) Picture of devices deformed by 
pinching the skin in a twisting motion (left), poking with a warm glass rod while on skin 
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 (Fig. 5.1 continued) (middle) and collapsing under its own weight while free-standing (right).  
(b) Magnified view  of a device operating in the blue region of the spectrum, without (top) and 
with (bottom) integrated patterns of dots that have fixed colors for calibration.  (c) Picture of 
an e-TLC device with calibration system, operating the curved surface of the skin.  (d) Picture 
of a device that includes a radio frequency antenna and Joule heating element on its back 
surface, folded over and resting on palm, with an enlarged view of the serpentine antenna 
structure (inset).  (e) Schematic illustration of finite element modeling results for an e-TLC 
device with wireless heater under tensile strain, with magnified view of the Joule heating 
element (inset). (f) Image of an active, wireless e-TLC device collected while exposed to RF 
power in air, with magnified view of the color changes induced by the heater (inset).  (g) 
Infrared image of the same device under similar conditions, with magnified view in the region 
of the heater (inset). 
 
 
Figure 5.2 Experimental and computational studies of the mechanical properties of e-
TLC devices. (a) Measurements and analytical computations of stress-strain responses of a 
device. (b) Comparison between images and three dimensional finite element modeling of a 
representative region of e-TLC device under different levels of tensile strain. 
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Figure 5.3 Calibration and use of e-TLC devices for precision thermal imaging on the 
skin. (a) Reflectance measured at a single pixel from 32°C to 39°C and corresponding images 
for 33°C to 38°C (inset). (b) Temporal variations in temperature extracted from digital color 
analysis of an e-TLC held, nominally, at a constant temperature. (c) Temporal variations in 
apparent temperature determined from color analysis of calibration pixels in an e-TLC device.  
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(Fig. 5.3 continued) Frames b and c also show results obtained with an infrared camera. (d) 
Illustration of the steps for processing digital images of e-TLC devices, demonstrated on a 
representative 7x7 array of pixels. (e) Color-temperature calibration determined using hue 
analysis. (f) Images of an e-TLC device that consists of a 26x26 array of pixels, conformally 
mounted on the wrist. (g) 3D rendering of the temperature distribution extracted from the 
color information obtained by hue value analysis of digital images of the device. (h) 2D 
rendering of temperature captured by an infrared camera at the same time and at the same 
location as in g. i, Line-cut temperature profiles extracted from the data of g and h. 
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Figure 5.4 Temperature analysis with an e-TLC device that incorporates an array of 
color calibration pixels co-located with sensing pixels, evaluated under different 
illumination conditions. (a) Image of a device immediately after local heating at the center of 
the array. (b) Hue and saturation values extracted for the calibration (stars) and sensing pixels 
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(Fig. 5.4 continued) (dots; red –illumination with a fluorescent light; blue – illumination with 
a light emitting diode; green – illumination with a halogen lamp).  3D rendering of color-
corrected temperatures determined with (c) white fluorescent light (FL), (d) white light-
emitting diode (LED), (e) halogen light (HG). (f) Line graphs of results collected along the 
dashed lines shown in c-e.  (g) Results similar to those in f, but without color correction. 
 
 
Figure 5.5 Determination of thermal conductivity and thermal diffusivity of the skin 
using active e-TLC devices. (a) Example of temperatures (symbols) as a function of distance 
from the position of local heating in an active e-TLC device and corresponding best fit 
modeling results (analytic; line), for determining the thermal conductivity.  (b) Thermal 
conductivity of water/ethylene glycol solutions evaluated using an active e-TLC device, with 
comparison to values obtained from the literature and from analysis of temperatures   
92 
 
(Fig. 5.5 continued) determined with an infrared camera.  (c) Thermal conductivities measured 
with an active e-TLC device on the skin at different levels of hydration, separately measured 
with a commercial moisture meter. The error bars represent average standard deviations of 
measurements obtained with the moisture meter. (d) Example of temperatures (symbols) as a 
function of time for a location near a wireless heater in an active e-TLC device, and 
corresponding best fit modeling results (analytic; line) for determining the thermal diffusivity. 
(e) Thermal diffusivity of water/ethylene glycol solutions evaluated using an active e-TLC 
device, with comparison to values obtained from the literature and from analysis of 
temperatures determined with an infrared camera. (f) Thermal diffusivities measured with an 
active, wireless e-TLC device on the skin at different levels of hydration, separately measured 
with a commercial moisture meter. The error bars represent average standard deviations of 
measurements obtained with the moisture meter. 
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Figure 5.6 Application of an e-TLC thermal imaging device in a reactive hyperaemia test. 
(a) Optical images of an e-TLC device on the wrist during an occlusion test after blood is  
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(Fig. 5.6 continued) released (left) with magnified view (right). (b) Infrared image of the 
device (left) with magnified view (right). (c) 3D rendering of spatial distributions of 
temperature determined with the e-TLC device at different times during and after occlusion 
(occlusion starts at t = 0 s and ends at t = 160 s). (d) Line graphs of temperatures along the 
horizontal dashed red line in the right frame of a, at various times. (e) Line graphs of 
temperatures along the vertical dashed red line in the right frame of a, at various times. (f) 
Rate of blood flow through the ulnar artery determined by comparison of thermal models to 
experimental results. The key parameters include: the occlusion time (tocc) = 160 s; time-to-
peak-flow (tdw) = 15 s; the baseline flow rate (ω0) = 30 mL/min; the occluded flow rate (ωs) = 
1.5 mL/min; and the peak flow rate (ωmax) = 90 mL/min. (g) Measured temperature rise at the 
surface of the skin above the ulnar artery during the occlusion along with results from finite 
element analyses (FEA) using the blood flow rate in frame f. The eight sub-frames correspond 
to the temperature histories of different points at the horizontal dashed red line in the right 
frame of a. 
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CHAPTER 6 
CONCLUSION AND OUTLOOK 
 
            The practical ease and wide availability of the NIL procedures and the liftoff processes, 
their ability to accommodate both critical feature sizes deep into the nanometer range and 
macroscale areas, suggest a strong potential for use in both engineering development and 
exploratory research in fishnet and other emerging classes of metamaterials. On the other hand, 
the results described with the nTP technique reveal some important effects of film growth in the 
formation of fishnet NIMs by large area processing techniques. Molecular glass systems make 
them attractive alternatives to more widely explored inorganics for the dielectric layers. The 
outcomes enable fabrication of multilayered NIMs with excellent operational characteristics in 
the visible regime and they appear to have implications in other areas of optical application of 
methods such as nTP, NIL and others. Epidermal thermochromic liquid crystal devices have 
enabled precise spatio-temporal  temperature mapping through advanced color analysis. All the 
data acquisition and analysis can be potentially completed with a smartphone device and allow 
much cheaper, faster, more portable and accessible devices that are available for patients. Last 
but not the least, ultra-stretchable plasmonic nanoparticle array is observed to have great tuning 
capability induced by stretch, its non-linear buckling behavior has revealed the fundamental 
mechanics associated with the  nanoscale, non-continuous array structures. We can use the 
mechanical and optical modeling tools to design advanced nanoparticle array geometry, where 
unusual three dimensional architecture can be formed by strain introduction. Such uncommon 
structures could provide extraordinary optical resonance features and tuning capability that other 
techniques could not possibly achieve. The wide-band tuning characteristics in this system can 
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also be utilized in tunable aluminum color pixels which can be applied in advanced display 
technology. Future device thickness reduction and mechanics modification can also make the 
plasmonics conformal to the human skin, and be used as strain sensors that detect strain change 
and surface morphology on epidermis by optical resonances signals. Wearable chemical and 
biosensors that rely on plasmonics signals can also be possible.  
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APPENDIX 
SUPPLEMENTARY FIGURES 
 
 
Figure S1. (a) Images of electron-beam collimator tubes and (b) experimental result of different 
growth angles obtained from collimator tubes in physical vapor deposition. 
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Figure S2. Electron-beam depositon of single layer MgF2 with and without ion beam. 
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Figure S3. Growth angle dependence on different fishnet hole periods. 350nm MgF2 
deposition on (a) period=0.74μm, (b) period=1.1 μm, (c) period=1.6 μm and (d) shows growth 
angles calculated for different fishnet hole periods. 
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Figure S4. Experimentally measured refractive indices (n, κ) values of MG (alpha, alpha, 
alpha'-tris(4-hydroxyphenyl)-1-ethyl-4-isopropylbenzene). 
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Figure S5 Device fabrication and stretching experiments. (a) Schematics of the major 
fabrication steps. (b) Top down SEM of the silicon stamp. (c) Top down SEM of Au 
nanodot array transferred to PDMS substrate. (d) Top down SEM of Au nanodot array 
released from 107% strain. (e) Stretching experiment of a device placed on a metal 
stretcher 
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Figure S6 FEA and analytical models for the nanodot array geometry change under 
uniaxial strain. (a) Cross sectional view of the parameters used in the models. (b) ) Top down 
view of the parameters used in the models.. (c) FEA and analytical results of the horizontal 
and vertical spacing change under different strains for the case of P=300nm, D=200nm. 
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Figure S7 Comparison of the Top Down SEM images and mechanical model results 
under different strains. (a) Au nanodot array (P=300nm, D=220nm) on PDMS substrate 
under seven strains applied in the y direction. (b) FEA results of the Au nanodot array 
deformation under seven strains, the color bar represent height change. (c) Semi- analytical 
results of the Au nanodot array deformation under seven strains. 
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Figure S8 Coexistence of five different buckling modes under 56% strain with the 
cross sectional schematic views. 
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Figure S9 Example of one buckling mode. (a) The most typical buckling mode that has five 
nanodots in a wavelength, with the rotation angle θ as a variable. (b) Two different contact 
modes that can be found in the buckling mode. 
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Figure S10 Comparison of the top down SEM images and geometry deformation 
under different strains applied in the y direction. 
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Figure  S11  Comparison  of  the  45°tiltedSEM  images  and  geometry  deformation 
under different strains applied in the y direction. 
111 
 
 
Figure S12 SEM image of the buckled waves under 107% strain with area size over 10
4  
μm2. 
112 
 
 
Figure S13 FEM optical simulation for the linear nanodot array geometry change 
under uniaxial strain. (a) The nanodot geometry parameter used in simulation which is 
slightly smaller than those in experiement. (b) Simulated spectra shows red shifts when 
nanodot array widen in y direction and narrow in x direction. (c) ) Simulated spectra 
shows red shifts when nanodot array widen in y direction and kept constant in x direction. (b) 
Simulated spectra shows red shifts when nanodot array kept constant in y direction and 
narrow in x direction. 
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Figure S14 FEM optical simulation for the buckled nanodot array geometry change 
under uniaxial strain. (a) The model assumption used in simulation with strain fixed at 80% 
and different rotation angles. (b) ) Simulated spectra shows blue shifts at bigger rotation 
angles. 
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Figure S15 Coupling-dipole approximation method for the linear nanodot array 
geometry change under uniaxial strain. (a)  The model assumption used in simulation.(b) 
Simulated spectra shows red shifts with increasing strains. 
 
115 
 
 
Figure S16: Process for fabricating e-TLC devices. (a) A PDMS stamp with an array of posts 
embossed on its surface is ‘inked’ by bringing it into contact with a uniform layer of TLC 
aqueous slurry spin cast on a glass slide while still in wet state. The thickness of the ink was 
~100 μm to ensure that the ink contacts on the top surfaces of the posts. (b) The inked TLC 
material on the PDMS stamp was allowed to dry in air for 15 minutes.  The thickness of the dried 
film is ~15 μm.  Additional ‘inking’ processes are repeated to achieve a final thickness of 25-
30μm. A typical TLC pixel is thickest in the center due to the hydrophobic nature of the PDMS 
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(Fig. S16 continued) surface and the large contact angle formed during the inking process. (c) 
Transfer printing allows delivery of the TLC to a piece of thermal release tape. (d) Transfer to 
the black PDMS substrate is enabled by heat activated release from the tape. (e) The device is 
encapsulated with a transparent layer of PDMS by spin casting. 
 
Figure S17: Mechanical response of an e-TLC device to uniaxial strain. (a) Experimental, 
analytical and finite element modeling results for the change in horizontal and vertical spacing 
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(Fig. S17 continued) between adjacent pixels under different levels of tensile strain. (b) 
Comparison between images and three dimensional finite element modeling of a representative 
region of an e-TLC device that incorporates color calibration pixels under different levels of 
tensile strain. 
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Figure S18: Experimental and computational studies of the mechanical properties of Joule 
heater element. (a) Comparison between experimental images and three dimensional finite 
element modeling of a wired Joule heating element under different levels of tensile strain, and 
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(Fig. S18 continued) strain distribution computed for the case of stretching to 50%. (b) 
Comparison between experimental images and three dimensional finite element modeling of a 
wireless Joule heater under different levels of tensile strain, and strain distribution computed for 
the case of stretching to 50%. 
 
Figure S19: Experimental studies of the effect of strain on the efficiency of wireless Joule 
heating. (a) Infrared temperature measurements for a wireless Joule heater under exposure to RF 
energy while mechanically deformed in different ways, both in air and on skin. (b) 
Measurements at different levels of tensile strain with corresponding images. 
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Figure S20: Effect of e-TLC operation on temperature and hydration of the skin. (a) 
Infrared image captured immediately after mounting an e-TLC device on the wrist.  (b) Infrared 
image captured 3 hours after mounting. For both (a) and (b), the data indicate that the average 
temperatures at the regions of the device are the same as those adjacent to the device. (c) 
Temperature difference between a point near the device and a point underneath the device shows 
no obvious increase during the three hour operation. (d) Hydration level read from a commercial 
hydration meter shows a maximum increase of about 25% after 3 hours operation on a very dry 
skin. 
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Figure S21: Sensor response time. (a) Layers used in analytical modeling to determine 
sensor response time on skin. (b) Experimental setup for measuring sensor response time. A 
warm ethylene glycol bath, which has similar thermal properties to skin, is in contact with the e-
TLC device from the back surface. (c) Experimental sensor response time captured by high 
speed camera, and corresponding analytic predictions based on a one-dimensional heat 
conduction model. In experiment, the time required for the sensor to reach 90% of the total 
temperature change is achieved in one frame which is approximate 33 ms for the case of 30μm 
black PDMS and 25μm liquid crystal. 
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Figure S22: Noise and uncertainty examined using temperature insensitive acrylic colors. (a) 
TLC color-temperature calibration plotted in the hue/saturation space. Dots are at the positions of 
corresponding to hue/saturation values of TLC during calibration run and painted with their hue 
values. Temperatures are calculated with two dimensional linear fit and represented by color 
gradient. (b) Temporal TLC color fluctuation at fixed temperature. (c) Temporal blue solid color 
dot fluctuation at fixed temperature. (d) Temporal green solid color dot fluctuation at fixed 
temperature. (e) Temporal red solid color dot fluctuation at fixed temperature. 
123 
 
 
Figure S23: Finite element models that allow determination thermal conductivity and 
diffusivity from data collected using active e-TLC devices. (a) A 3D view of a model with a 
Joule heater embedded between an e-TLC device and the skin.  (b) A cross-sectional view of a 
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(Fig. S23 continued) model with a Joule heater embedded between an e-TLC device and the skin. 
(c) Analytical model of the spatial decay in temperature at steady state during operation of the 
Joule heater. (d) Corresponding finite element modeling results. (e) Analytical and finite element 
model of the spatial temperature decay with a wired Joule heater operation along one dimension. 
(f) Analytical and finite element model of the temporal temperature rise with a wireless Joule 
heater operation for locations away from the heater. (g) Skin heat capacity inferred from the skin 
thermal conductivity and diffusivity values in Figure 14. 
 
 
Figure S24: Comparison of an e-TLC thermal imaging device and infrared camera 
measurement in a reactive hyperaemia test.  (a) Spatial distributions of temperature 
determined with the e-TLC device at representative times from t=160s to t=260s at an interval of 
20s. (b) Spatial distributions of temperature determined with the infrared camera at 
representative times from t=160s to t=260s at an interval of 20s. 
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Figure S25: Schematic illustration of the thermal conduction model that determines the 
blood flow rate during occlusion.  (a) Cross-sectional view and (b) three-dimensional view of 
the wrist model; (c) Temperature variance of FEA and experiment versus the baseline flow rate; 
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(Fig. S25 continued) (d) Experimental results of the steady-state temperature as a function of the 
distance from the artery, as compared to the FEA calculations using the baseline flow rate of 30 
mL/min; (e) Distribution of temperature variance in the space of parameters, α and τ0, during 
stage II of occlusion. 
 
 
